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PREFACE 

SMALL  SOLID  PROPELLANT  ROCKETS  FOR  FIELD  USE 


The  specialists’  meeting  is  devoted  to  technological  problems  associated  with 
propulsion  systems  of  advanced  small  rocket  motors  for  anti-tank,  anti-aircraft,  and  light 
artillery  rockets.  After  specification  of  the  requirements  for  the  three  types  of  weapon 
systems,  problems  of  systems  development  will  be  discussed  including  the  optimization  and 
matching  of  propulsion  systems  as  well  as  new  methods  for  control  and  thrust  vectoring. 
High  energy  solid  propellants  and  ignition  problems  will  be  reviewed.  A discussion  of  im- 
portant problems  of  application,  such  as  noise  and  shock  effects  on  the  gunner,  will 
terminate  the  sessions. 


PETITS  MOTEURS  FUSEES  A POUDRE  L'EMPLOI 
SUR  LE  CHAMP  DE  BATAILLE 


Cette  reunion  de  specialties  sera  consacree  aux  problemes  technologiques  que  posent 
les  syst^mes  propulsifs  des  petits  moteurs  de  conception  avancee  destines  aux  roquettes 
antichars,  anti-afriennes  et  d’artillerie  I6g£re.  Les  conditions  requises  pour  ees  trois  types 
de  systemes  d’armes  seront  tout  d’abord  d£finis;  puis  seront  pr£sent£s  les  problemes  lies 
A la  phase  de  d^veloppement,  en  particulier  I’optimisation  et  (’adaptation  des  systemes 
propulsifs,  ainsi  que  les  nouvelles  mithodes  de  commande  et  de  deviation  de  jet.  II  sera 
proc£df  ensuite  a un  tour  d’horizon  des  propergols  solides  hautement  energetiques  et  des 
problemes  d’allumage.  Enfin,  un  examen  de  certains  problimes  majeurs  duplication  tels 
que  I'impact  du  bruit  et  de  la  secousse  sur  le  tireur,  cloturera  la  reunion. 
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LES  ROQUETTES  D'AVIATION-  CONTRAINTES  INHERENTES 
ALE  UR  IJTILI  SAT  I ON 

Claude  SENOEISSEN 

Inglnieur  en  Chef  des  Etudes  et  Techniques  d'Armement 
Section  Armements  Missiles 
Service  Technique  Aeronaut ique 
4,  avenue  de  la  Porte  d'Issy 
75996  PARIS  ARMEES 
Trance 


SOMMAIRE 

Cet  expose  conceme  1 'ut i l isation  des  roquettes  non  guidees  en  aviation.  II  comporte  deux  parties: 

La  premiere  partie  est  une  presentation  sommalre  des  roquettes  et  de  leurs  conditions  d 'ut i 1 isat ion : 
Les  roquettes  d'aviation  sont  des  projectiles  autopropulses,  empenneg,  non  guides,  tires  a partir  d'avion, 
Le  tir  s'effectue  en  leger  pique  a des  distances  variant  de  80On  a 3000n  selon  le  type  de  roquettes. 

La  deuxieme  partie  est  une  analyse  des  contraintes  inherentes  a l'emploi  a partir  d'avion. 

Elle  comporte:  des  considerations  general es  sur  les  avantages  et  inconvenient s de  ce  type  de  munition 
(coOt  raodere,  puissance  de  frappe  appreciable,  mais  I'avlon  doit  s'exposer  pendant  le  tir), une  discussion 
sur  les  contraintes  d’emploi  qui  condit ionnent  le  choix  des  caracterist iques , et  des  precisions  sur  les 
conditions  d ' envtronnement  et  de  fonct ionnement  a partir  d'avion:  securite  de  fonct ionnement , temperature 
en  vol  etc. . . 


1.  - SITUATION  DE  ^EXPOSE 

Cet  expose  a pour  but  de  presenter  les  roquettes  non  guidees  utilisees  en  aviation,  de  preciser  les 
condit  ions  2lans  lesquelles  elles  sont  utilisees  et  d'emettre  certaines  considerations  qui  condit ionnent 
leur  definition  et  celle  de  leur  propulseur.  Ces  considerations  ne  reinvent  pas  de  la  technique  des  propulseurs 
mais  des  conditions  particulieres  d'emploi  a partir  d'avion. 

2.  - PRECISIONS  SUR  LES  ROQUETTES  D'AVIATION  ET  LEUR  UTILISATION 

2.1.  - Presentation  de  la  roquette 

La  roquette  est  un  projectile  autopropulse,  empennl,  non  guide.  Elle  se  compose: 

- d ' un  propulseur, 

- d'une  tete  militaire  de  forme  ogivale  fixee  sur  le  fond  avant  du  propulseur, 

- d'un  empennage  a l'arriere. 

L'ensemble  forme  un  projectile  aerodynamique  stable. 

II  existe  une  grande  diversite  de  roquettes  d'aviation  dont  les  caracterist iques  sont  t res  variables 
des  plus  petites  aux  plus  grosses:  (voir  eyemples  fig.  1). 
les  calibres  vont  de  37mm  a 135ram, 

les  masses  varient  de  1kg  a 50Kg  pour  les  projectiles  complets 
et  de  0,5  Kg  a 25Kg  pour  les  propulseurs, 
les  impulsions  splcifiques  vont  de  45  daN.s,  a 3000daN.s, 
les  temps  de  combustion  vont  de  0,25  s et  2 s. 

Les  roquettes  de  moyen  calibre  (70mm  environ)  sont  les  plus  repandues. 

2.2.  - Conditions  d'eroport  sur  ^vion 

Les  roquettes  sont  glnlralemenc  emportles  dans  des  lanceurs  accrochls  sous  les  points  d'emport  dont 
son  munies  les  voilures  d'avion  pour  1 'accrochage  dc  charges  exterieures  uiverses  telles  que  les  bombes, 
les  reservoirs  suppl ementa Ires ,et c . . . (voir  exemple  fig. 2). 

Les  lanceurs  sont  glneralement  constltuls  de  plusieurs  tubes  parallMes  rassemblls  en  un  seul  corps 
fusell  pour  offrir  une  moindre  trainee. 

Chaque  tube  contlent  une  roquette.  La  roquette  est  munie  d'un  empennage  repl table  pour  pouvoir  fctre 
logee  dans  le  tube.  A la  mise  a feu,  le  tube  sert  de  rampe  de  guidage.  A la  sortie  du  tube,  1 'empennage  se 
deplole,  la  roquette  a alors  sa  configuration  de  vol. 

II  existe  de  nombreux  types  de  lance-roquet tes  de  capacites  trls  varices  pour  convenir  aux  diverses 
possibllit.es  des  points  d'emport  de  voilure.  (Voir  exemples  fig. 3). 

Les  lanceurs  de  gros  calibres  contiennent  en  glnlral  de  4a  6 roquettes. 

Les  lanceurs  de  petits  calibres  ont  des  capacites  plus  veriees: 
les  lanceurs  de  18  roquettes  de  68mm  ou  19  roquettes  de  2,75"  sont  les  plus  rlpendus  mais  il  existe  aussl 
un  lanceur  franqais  de  36  roquettes  de  68mm. 

2.3.  - Conditions  de  tir  a partir  d'avion 

Les  roquettes  sont  aujourd'hui  r^servees  a un  usage  AIR-SOL. 

Le  tir  s'effectue  en  leger  piqul,  I’avlon  se  dirlgeant  vers  l'objectif.  Les  conditions  de  vol  au 
tir  sont  glnlralement  les  suivantes: 

- vltesse  avion  : comprise  entre  400  Kt  et  600  Kt 

- angle  de  pi qui  : 20°  environ 

- distance  de  tir  : entre  800m  et  1500m  pour  les  roquettes  de  petit  et  moyen  calibre 

: entre  1500m  et  3000m  pour  les  roquettes  de  Rros  calibres. 

Le  pllote  effectue  la  mise  en  direction  de  I'avlon  en  polntant,  sur  l'objectif,  un  rlticule  de  son 
viseur  de  tir. 
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Lee  roquettes  de  moyen  ou  petit  calibre  sont  tiroes  en  salve  pour  que  la  probability  d'attelnte  de 
l'objectlf  ou  la  couverture  de  la  zone  traitee  solt  convenable. 

2.4.  - Les  objectlfs  et  lea  t3tes  mllltaires 

Les  objectlfs  peuvent  itre  solt  pontuels  (v^hicules  lsoles)  solt  une  zone  comprenant  plusleurs  vehi- 
cules  ou  des  personnels. 

Les  objectlfs  de  plus  grandes  dimensions  cornne  les  vedettes  marines,  les  bateaux,  les  abrls  d'avlon, 

les  hangars,  les  ^duses,  les  radars  etc n^cessltent  l'emplol  de  grosses  roquettes. 

Les  t£tes  militalres  utlllsees  sont  de  plusleurs  types: 

- tStes  a charge  creuse  pour  1 'attaque  de  blindage  (chars  ou  autres  vehlcules,  bllnd^s), 

- tfctes  a effet  d'lclats  ou  k flechettes  pour  1 'attaque  de  v^hlcules  non  blind^sou  falblement 
bllndes  ainsl  que  de  personnels, 

- tfctes  de  demolition  k pouvoir  perforant  pour  1 'attaque  d'objectlfs  "durs"  avec  des  roquettes  de 
gros  calibre. 

11  exlste  aussl  d’autres  tetes  pour  des  usages  molns  r^pandus: 

- t£tes  fun  l genes  pour  le  marquage  d'objectlfs, 

- tetes  eclalrantes  pour  I'^clalrage  d'objectlfs  de  nult, 

- t$tes  a "chaffs"  pour  le  leurrage  de  radars. 

3.  - CONSIDERATIONS  SUR  L’EMPLOI  - REPERCUSSION  SUR  LA  DEFINITION 


3.1.  - Considerations  generates 

Les  conditions  d'emploi  de  la  roquette,  tlr  en  plqu£  a falble  distance,  oblige  1 'avion  a s'exposer 
aux  defenses  adverses.  C'est  la  i ' Inconvenient  majeur  de  ce  type  d'arment  qui  presente  par  contre  1 'avan- 
tage  d'offrir  une  force  de  frappe  appreciable  pour  un  coQt  relativement  falble.  La  lecherche  du  moindre 
coOt  et  1 'augmentat 1 m des  distances  de  tlr  pour  limiter  la  vulnerability  de  1 'avion,  sont  deux  soucis 
constants  qul  pfcsent  sur  la  definition  de  la  roquette  au  moment  de  sa  conception. 

3.2.  - Considerations  sur  le  choix  des  prlnclpales  caracterist lques 

Les  caracterlst lques  prlnclpales  de  la  roquette  et  du  propulseur,  masse,  dimensions,  lol  de  poussee 
resultent  d'un  compromis  a etablir  pour  satlsfaire  au  mleux  plusleurs  co.itralntes  cont radictolres , a 
savolr: 

- une  efflcacste  terralnale  unitalre  sufflsante, 

- une  capacite  d'emport  sur  avion  optlmale, 

- une  probabillte  d'attelnte  convenable  a la  plus  grande  distance  de  tlr  possible, 

- un  coOt  modere. 

Considerations  sur  l'efftcaclte  termlnale 

Ce  sont  les  caracteristi ques  de  la  charge  utile  a transporter,  la  tete  militaire,  qui  determinent  le 
type  de  roquette,  petite,  moyenne  ou  grosse,  et  done  le  type  de  propulseur. 

C'est  l'efficacite  termlnale  qui  doit  posseder  la  tete  militaire  qui  fixe  ses  caracterlstiques . On 
cherche  notamment,  en  tlr  ponctuel,  a ce  que  le  coup  au  but  d'une  seule  roquette  solt  declsif.  La  masse 
mlnlmale  dq  la  tete  es*  ainsl  flx£e,  mats  aussi  le  calibre  pour  les  tfctes  k charge  creuse  ou  la  vltesse 
termlnale  pour  les  tStes  de  penetration.  Lt  propulseur  est  optimise  autour  de  la  tete  correspondant  a la 
mission  prlncipale,  cepndant,  le  meme  propulseur  doit  £tre  aussl  capable  de  recevoir  d'autres  types  de 
tetes  correspondant  a des  missions  secondalres, 

Optimisation  de  la  capacite  d'emport  de  1 'avion 

Pour  opt  1ml ser  la  capacite  d'emport  de  1 'avion  ou  mlnlmlser  les  penalisations  de  ses  performances, 
Ilya  Interfct  a ce  que  la  masse  unitalre  de  la  roquette  solt  la  plus  falble  possible  dans  le  mesure  ou 
son  efflcacite  cerrainale  unitalre  est  assume. 

A la  masse  totale  disponible  donnee,  le  maximum  de  roquettes  peuvent  etre  ainsl  emportees  a capacity 
donnee,  la  masse  et  le  volune  des  lanceurs  peuvent  etre  minimises. 

Recherche  de  la  plus  grande  distance  de  tlr 

Afin  de  limiter  la  vulnerability  de  1 'avion  tireur,  on  s'efforce  de  tlrer  du  plus  loin  possible. 
Cependant,  la  probability  d'attelnte  de  l'objectlf  d^crolssant  rapidement  lorsque  la  distance  augmente,une 
llralte  est  vite  attelnte  pour  que  le  tlr  reste  efflcace.  Deux  caracterlstiques  de  la  roquette  peuvent  etre 
optimlsles  pour  am^Horer  cette  probabillte  d'attelnte:  11  s’agit  du  temps  de  parcours  et  de  la  dispersion 
propre  de  la  roquette. 

Toutes  choses  egales  par  allieurs,  on  recherche  les  temps  de  parcours  les  plus  courts  possibles. 

Les  erreurs  de  tlr  dues  au  vent  sontalnsl  r^dultes.  De  plus  les  erreurs  de  tlr  resultant  d'une  mauvalse 
appreciation  de  la  distance  de  tlr  par  le  pilote  sont  d'autant  plus  faibles  que  la  trajectolre  est  tendue. 
Tous  les  avlons,  en  effet,  ne  sont  pas  munis  d'une  conduite  de  tlr  sophlstlquee  or  pour  des  raisons  econo- 
mlquet,  la  roquette  dolt  it  re  une  munition  banalisee.  Elle  doit  done  pouvoir  £tre  tir£e  & partir  d'avlon 
ne  possldant  qu'une  conduite  de  tlr  rudlmentaire  : un  simple  colllmateur  r^gl^  pour  des  conditions  moyennes 
de  tlr. 

La  recherche  d'une  dispersion  propre  acceptable  impose  aussl  des  contraintes  partlcul i^res  pour  la 
roquette  et  son  propulseur.  La  dispersion  propre  de  la  roquette  depend  en  grande  partie  de  la  stability 
aerodynamlque.  En  effet  les  oscillations  de  1 'axe  longitudinal  de  la  roquette,  done  de  1 'axe  de  poussee 
du  propulseur,  Introduisent  des  composants  t rensversa 1 es  de  la  poussee  qui  sont  des  causes  de  pertubations 
importantes  de  la  trajectolre.  Ces  oscillations  dolvent  done  3tre  amorties  rapidement.  Pour  cela,  certalnes 
relations  entre  les  caractlrist lques  aerodynami ques , done  dimenslonnel les,  et  masslques  (cent  rage,  Inert  lei 
dolvent  fctre  respectees. 

3.3.  - Contraintes  relatives  aux  conditions  de  fonct lonnement  h partir  d'avlon 

Contraintes  electriques 

La  mlse  k feu  du  propulseur  doit  3tre  effectuee  k partir  de  l'energie  elect :rique  continue  de  l 'avion 
foumle  par  la  glnlratlon  de  bord.  Ses  caracterlst  1 ques  sont:  valeur  nominate  de  la  tension  : 28  volts, 

valeur  mlnlmale  : 22  volts. 

La  durle  d 'app 1 lcat ion  du  courant,  commandle  par  les  lnterva 1 lomet res  de  tir  des  lnnceurs,  ne 
dlpasse  pas  13  ml 1 1 isecondes  dans  cartalns  cas  de  tlr  a cadence  llevee. 


La  limite  haute  qui  suppose  un  vol  prolong^  a basse  altitude  et  grande  vitesse,  n'est  pas  atteinte 
avec  les  avions  actuels  mais  elle  comporte  une  marge  pour  l'avenlr. 

Un  autre  type  d ' echauf i ement  particulier  h l'emport  en  tube  est  aussi  a signaler:  il  est  provoque 
par  des  mouvements  de  convection  de  l'air  dans  la  partie  vide  du  tube  situee  en  avant  de  la  tete  de  la 
roquette,  lorsque  celle-ci  est  en  retrait  de  la  section  avant  du  tube.  Cet  echauffement  est  tres  rapide 
et  tres  important.  II  depend  de  la  position  de  la  roquette  dans  le  tube/de  la  vitesse  de  l'ecoulement 

aerodynamique.  Ce  phenomene  est  tr£s  sensible  sur  les  petits  calibres  mais  n'interesse  pas  les  gros  cal 

bres  de  100mm  ou  plus.  Des  temperatures  de  200°C  ont  ete  mesurees  en  vol  au  niveau  d'  la  tete  sur  des 
roquettes  de  68mm  de  calibre*  a une  vitesse  de  530  Kt. 

On  sc  protege  de  ces  ph£nom£nes  en  obturant  le  tube  a l 'avant.  La  roquette  doit  alors  traverser 
la  protection  au  tir. 

3.5.  - Contralntes  lines  au  stockage,  et  aux  manipulations 

Les  propulseurs  doivent  supporter  sans  donmages  les  conditions  d * envi ronn ement  part icul ieres  au 
stockage  et  aux  manipulations.  Plus  precisement,  ils  devront  supporter: 

- les  variation  de  temperatures  Joumali&res  et  saisonnleres  pendant  toute  la  duree  de  leur  vie, 

- les  secousses  et  les  vibrations  de  transport  par  camion,  chemin  de  fer  ou  bateau, 

- les  chocs  consecutifs  aux  manipulations  en  tsnballage  pendant  les  chargements  et  dechargement s, 

- les  chocs  sur  roquette  nue  consecutifs  aux  operations  ^destockage  et  de  preparation  d'une  mission 

- l'exposition  a l'air  salin. 

Ils  doivent  pouvoir  supporter,  even t ue 1 1 ement  avec  dommages,  mais  sans  mettre  en  cause  la  securite 
des  chutes  accident  el  1 es  toujours  possibles  en  utilisation. 

3.6.  - Puree  de  vie 

La  duree  ne  doit  pas  etre  inferieure  h 10  ans  en  climat  tempere.  Au  bout  de  cette  periode,  les 
propul seurs  doivent  pouvoir  encore  fonctionner  en  toute  securite. 

4.  - CONCLUSION  - PERSPECTIVES  D'AVF.NIR 

Du  frit  des  progres  des  defenses  ant i -eeri ennes  rapprochees  des  objectifs  au  sol,  1 'ut i 1 isation 
des  roquettes  classiques  d'evietion  comporte  des  risques  accrus  pour  I'avion  tireur,  dens  les  conditions 
actuelles  d'emploi. 

La  determination  de  nouvelles  conditions  d'emploi,  ou  l'adjonction  de  disposftifs  de  guidage 
rustiques  permettant  le  tir  a plus  grande  distance,  sont  des  solutions  susceptibles  de  resoudre  ce 
probleme. 
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soub  l«*s  points  d'emport  de  vollure. 
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A 


I'rrrlere  de  gauche 


l'avant  de  gauche 


a droite 


a drci te 


lance-roquettes  de  100  mm  a 6 roquettes 
lance-roquettes  de  68  on  a 36  roquettes 
lance- roquet  tes  de  68  mm  d 'ent  r/’lneroent  a 6 roquettes 


lance -roquettes 
lance- roquet  tes 
lance- roquet  tes 


a c3ne  friable  (cone  avant 
de  5"  a 4 roquettes 
de  2,75"  a 19  roquettes 


demon te) 
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SPECIFICATIONS  DES  STSTEKES  DE  PROPULSION 
DES  ROQUETTES  A ITT  I -CHARS 
P*r 

Alain  Pourniar 

Dlraction  Technique  das  Armaments  Terreetree 
Etablieaement  Tachnlqua  da  Bourges 
Centre  Technique  Araaa  at  Munitions 
Carrefour  da  Zdro-Nord 
Route  da  Quarry 
18015  Bourses 
Prance 


RESUME 

Las  propulseura  d'accdldretion  das  futures  roquettes  anti-chars  devront  utillser  un  propergol 
da  press ion  da  fonctionnement  dlevde  avec  un  coefficient  da  teapdrature  acceptable  pour  l’eaplol  tout 
taapa,  da  vltease  de  combustion  ausai  dlevde  qua  possible,  de  aensibllitd  A la  coebustion  droalve 
dlainude  par  rapport  A cells  des  propergols  actuals. 

II  eat  ndceaaaire  dans  lea  future  programmes  de  aettre  davantage  1 'accent  sur  lea  caractdristiquee 
de  discretion  via  A vis  de  l'ennemi  et  de  gAne  pour^cStd  ami  ainsi  que  sur  lea  caractdri stiques  de 
fiabilltd  et  de  coQt. 


LISTE  DES  STKBOLES  UTILISES. 

Cd  : coefficient  de  debit  du  propulseur  (dans  la  formula  ddbit  ffi  = Cd.  P.  At) 

Isp  : impulsion  epdciflque  du  propergol 
L j longueur  du  tube  de  lancament 
P : prsssion  de  fonctionnement 

M : masse  de  propergol  brQld  correspondent  A la  Vitesse  V 

Mo  : masse  du  projectile  correspondent  A la  Vitesse  V 

S : sire  de  la  section  droite  intdrieure  diaponible  pour  le  chargement  propulaif 
T i durde  de  combustion 

V i vltasse  du  projectile  en  fin  de  combustion 
g : accdldration  de  la  peaanteur 

1 : longueur  diaponible  pour  le  chargement  propulsif 

In  : logarjthme  ndpdrien 

/3  S rapport  d'autoeerrage  (rapport  de  la  surface  de  passage  terminals  du  chargement  Ap  A la  surface 
' au  col  de  tuyAre  At) 

P : masse  volumlque  du  propergol 


Nous  nous  limiterons  dans  cat  expose  aux  propulaaura  d'accdldratlon  c'est  A dire  aux  propulseura 
coaportant  un  seul  dtage  de  propulsion  et  A courts  durde  de  combustion  tala  ceux  utilises  dans  les 
armes  ldgAres  antichar  du  type  roquette  at  associds  A una  tits  mllltaire  conatitude  en  gdndral  par 
une  charge  c reuse. 


Cee  propulseura  dolvent  en  principe  rdpondre  aux  oritAres  sulvanta  concemant  ! 


- las  performances  : 


- la  fiabilltd  i 


- la  sdcurltd  : 


- le  coflt  i 


. portde  utile  de  combat 
. afficacitd  terminals 
. encoabreaent 
. poids 

. probabilitd  de  bon  f onctionneaent  et  en  particulier  d'alluaage  A un  instant 
donnd 

. durde  de  via  minimal#  (conservation  dea  performances  lnitlalea)  au  atockage 

. eflretd  de  l'eaplol 

. discretion  vis  A vis  da  l'ennemi 

. absence  de  gdne  pour  l'entourage  da  l'utllieateur 

. enseable  du  syatAme  armes  et  munitions. 


Nous  axaalnarons  auccasalvement  las  contraintaa  imposdes  notaament  au  propergol  par  cea  diffdrenta 
cr It Ares. 

Pour  ce  qul  concerns  les  performances  : 

la  roquette  eat  placde  dans  un  tube  de  lanceaent  de  longueur  L et  un  syatAae  de  aiae  A feu  ddclenche 
le  fonctionnement  du  propulseur.  La  roquette  eat  accdldrds  dans  le  tube  et  le  quitte  avec  une  vitesae 
V.  II  eSt gdndraleaent  adals  que  la  combustion  du  propulseur  dolt  Btre  terminde  lorsque  la  roquette  sort 
du  tube  af in  qua  le  tlreur  ne  rscoive  pas  las  jets  ds  gat  du  propulseur. 

II  en  rdsulte  lmaddiateaent  une  condition  sur  la  durde  de  fonctlonneaent  T du  propulseur  qul  si 
si  1 'accdldration  sst  constants  peut  Btre  reprdsentde  par  la  relation  ? u 2 L 
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Cette  relation  n'aat  qu'approchde  loraque  l'accdldration  n'eat  paa  constants  oaia  elle  traduit 
claireaant  dana  toua  laa  caa  la  fapon  dont  varls  la  durde  da  coabuation  an  fonction  da  la  longueur 
du  tuba  at  da  la  viteaaa  da  aortie. 

II  aat  d'autre  part  bien  connu  qu'en  l'abaence  da  guldage,  la  probability  d'atteinte  eat  lide  k 
la  durde  da  trajet  du  projectile  qui  dolt  reater  au  deaaoua  d'une  certaina  valeur. 

La  propulaion  addltlonnelle  aur  trajectolre  pa  nr.  b t da  rdduira  cette  durde  da  trajet  mala  elle 
lntrodult  aurtout  al  la  gain  da  viteaaa  aat  grand  un  facteur  da  aanalbilitd  au  vent  latdral . 

II  y aura  done  toujoura  intdrdt  pour  augmenter  la  portda  utile  da  combat  dea  roquettea  antichara 
k augmenter  la  viteaaa  initiale  ce  qui  conduit  k rechercher  la  diminution  da  la  durde  da  combuatlon 
du  propulaeur  d'accdldration  pulaque  la  longueur  du  tube  ne  paut  croltre  inddf inimant . 

II  faut  done  rechercher  aimultandment  une  diminution  da  la  durde  da  combuation  dea  propulaeura 
at  une  augmentation  da  la  viteaaa  dea  roquettea.  Nous  allona  montrer  qua  caa  conditions  ae  contrarlent 
ce  qui  rand  la  problkme  trka  difficile  at  limits  lea  progrka  qua  l'on  pourra  fairs  pour  ce  qui  concent 
lea  propulaeura  d'accdldration  par  rapport  aux  realisations  actuellea  tellea  qua  la  roquatte  antichar 
franqalse  AC  89  modkle  FI  dont  la  viteaaa  initials  eat  da  300  m/a  environ. 

Exaalnona  la  problems  da  la  rdduction  da  la  durde  da  coabuation. 

Lea  viteaaea  da  coabuation  dea  propargols  dont  on  dispose  actuelleaant  an  Franca  sont  llaitdea  k 
dea  valeura  da  l'ordre  da  30  nua/e  Dour  dea  preaslons  do  200  k 400  bars.  II  exiate  an  dtude  dea  oroner- 
gola  dotda  da  vltesae  da  coabuation  supdrleure  aaia  aeuls  aont  dvoquds  lei  las  propergols  hosologuds  ayant 
das  bonnea  caractdriatiquea  adcaniques  at  dont  la  coefficient  da  tempdrature  eat  faibla. 

II  en  rdsulte  qua  laa  dpaisaeurs  da  propargols  sont  trka  faiblesI0,75  mm  dans  la  cas  du  ebargaaant 
propulsif  da  l'AC  89  qui  brOle  par  lea  deux  faces. 

Caa  chargeaants  sont  dgalement  caractdrlada  par  une  grande  surface  da  coabuation.  II  eat  an  effet 
ndcessalre  da  gdndrer  da  groa  ddbita  gaaeux  pour  obtenlr  lea  pousades  at  las  niveaux  d'accdldration 
requis. 

Si  l'on  ajoute  k caa  caractdriatiquea  laa  conditions  sdvkrea  iaposdas  par  l'eaplol  comma  aunitions 
d'lnfantarie,  (fonctionneaent  k haute  at  baase  tempdratures,  chutes,  vibrationa,  atockage  da  caapagne 
etc...)  ainsi  qua  la  condition  ndceaaalra  da  tenua  k une  accdldration  da  plusieurs  ailllera  da  g,  on 
imagine  aisdment  la  difficulty  du  problkme  at  las  efforts  d'ingdniosltd  ddployds  qui  sont  attsstds  par 
da  noabreux  brevets. 

II  est  d'autre  part  ndeeasaire  da  prograssar  dana  la  connaissance  dea  adcanisaea  da  coabuation  da 
cas  chargeaenta  k courts  durde  da  coabuation.  Dana  ce  type  da  chargeaent  la  phase  da  coabuation  en 
rdgime  permanent  est  trka  brkve,  parfola,  presqu' inexlstante  (roquettea  antichar)  at  l'enaeable  da  la 
combustion  eat  alors  rdgi  par  lea  phases  transitoires  (allumage  du  chargeaent,  vidaga  du  propulaeur). 
L’objectif  eat  d'dtablir  un  modkle  da  combustion  qui  puisne  permettre  da  prdvoir  lea  performances  da 
ce  type  da  propulaeur  en  tenant  coapta  das  effata  da  coabuation  droslve  at  d'inatationnaritd  da 
l'dcouleaant. 

II  ast  done  paut  Itre  possible  d’aadliorer  encore  1' architecture  das  chargeaenta  propulaifa  au 
lea  realisations  actuelles  prdaentent  ddjk  k cat  dgard  das  performances  aatlsfaiaantes . 

On  paut  penser  cependant  qua  la  problkaa  aarait  sdrieuaement  almpllfld  s'il  dtalt  possible  da 
disposer  da  propargols  k i'l  tease  da  coabuation  at  propridtds  adcaniques  supdrieures. 

Augaentation  da  la  viteaaa  initiale  j 

La  Vitesse  V d'un  projectile  autopropulsd  k dldment  non  largabla  est  donnde  par  la  formula  : 

V » g.  lap.  In  (i  + J! — ) 

Ho 

II  rdsulte  lmaddietsaent  da  cette  formula  qua  l'on  pourra  augmenter  la  vitasse  an  augaentant  lap 
ou  H ou  en  rddulsant  Mp. 

La  sens  da  variation  indlque  done  las  axes  d'efforta.  II  eat  aouhalteble  da  dlainuer  la  aassa 
transportda  e'est  k dire  alldger  la  tlte  milltalre  et  le  corps  de  propulaeur.  L'allkgeaent  de  la  tlte 
ailltslre  ne  devant  pas  s'effectuer  au  detriment  de  son  efflcacltd  11  eat  probable  vu  las  progrks 
rdalisda  sur  lea  blindages  qua  las  gains  effectifs  de  aassa  aeront  peu  significatifs. 

Pour  le  propergol  il  est  souhaitable  d'augaenter  l'lapulslon  Spdoiflque  et  la  masse  du  chargeaent 
propulsif.  La  prealkre  condition  eat  dvidente,  la  deuxikae  adrlte  d'ltre  coaaentde. 

On  paut  aontrer  en  effet  aoyennant  certalnes  hypothkaee  slapllf lcatricee  qua  la  aassa  H de  pro- 
pergol peut  Itre  exprlmde  par  la  formula  sulvante  : 

„ f 1 3 

' 1 V A£J.  < 1 

C4  F T 

A «a7ibre  aonnd  S est  un#  fonction  dtcrolssente  de  Is  preatlon  de  fonctlonneaent . 

De  cette  foraule  11  est  possible  de  dddulre  les  rdsulte te  sui vsnts  : Is  sees#  de  poudre  die  roll 
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avec  la  durde  de  combustion  at  augments  avec  la  pression  da  fonct i orinement . 

Pour  un  volume  donnd  1 .3  constant,  la  masse  da  poudre  la  plus  forte  eet  obtenue  pour  la  minimum 
da  longueur. 

La  masse  da  poudre  augments  avec  la  masse  volumique  du  propergol  at  loraqueA,  done  la  senbilitd 

A la  combustion  droaive  diainua. 

L'augmentati on  da  press: on  qui  paraat  d'eccrottre  la  maaaa  de  poudre  entraine  dvidemment  un  alour- 
disaenient  da  la  maase  de  l'enveloppe  done  un  effet  antagonists.  II  eat  vraiseablable  que  pour  las 
petites  roquettes  antichars  l'optiaum  le  pression  sa  situs  A une  valeur  assez  dlevde  comprise  antra 
500  at  1000  bars. 

A titre  d'exemple  des  calculs  effectuds  aur  l'AC  89  avec  das  hypothAse  trAa  eimplifides,  k longueur 
da  tube  de  lancement  conatante  done  en  maintenant  le  produit  (V?)  constant,  donnent  une  pression 
optimale  d'environ  800  bars  et  un  gain  de  vitassa  lnitiale  d'environ  15#  avec  une  augmentation  de  la 
densitd  de  chargemert  d'environ  30^  et  un  alourdissament  du  projectile  de  l'ordre  de  20#. 

En  definitive  lea  ameliorations  de  performances  des  roquettes  antichars  independamment  des  progres 
sur  les  tAtes  militairea  sont  conditionndv.o  par  des  progrAs  sur  les  propergols  portant  aur  : 

- l'augmentati on  de  l'impulaion  specifique. 

- 1 ' augmentation  de  la  masse  volumique. 

- 1' augmentation  de  la  pression  de  fonctionnement  (en  restant  dans  un  domains  de  fonctionnement  & 
toutes  temperatures). 

- 1 ' augmentation  de  la  vitesae  de  combustion. 

- la  diminution  de  la  senaibilite  A la  combustion  erosive  (diminution  du  coefficient^  acceptable). 

Pour  l'aliegement  des  structures  (corps  de  propulaeur,  tuyAre,  empennage...)  done  de  la  masse 
tranaportee  il  est  bier,  evident  qu'il  faille  utiliser  des  matdriaux  A haute  resistance  specifique 
(rapport  de  la  limits  eiastique  A la  maase  volumique).  Or  peut  penser,  que  vu  les  durdea  de  combustion 
tres  courtes  envisagdee,  la  tenue  A la  flamme  ne  doit  pas  presenter  de  groa  problAmea.  Lea  materiaux 
composites  filamentairea  ainai  que  des  materiaux  comma  le  titane  peuvent,  k cet  e ga rd . Atre  trAs 
interessanta . 

La  fiabilite  et  la  adcuritd. 

L" augmentation  dea  performances  des  propergols  conduira  sans  doute  entre  autres  A l'emploi 
d'oxydar.ta  plus  dnergdtiques , de  produita  de  granulomdtrie  plus  fine,  de  nouveaux  additifa.  DAs  lore 
il  paratt  evident  que  certains  problAmes  comme  ceux  lids  A la  fiabilite  et  A la  adcuritd  du  ayatAme 
d'arme  se  poseront  avec  davantage  d'acuitd  tela  : 

- la  compatibilitd  des  dldments  du  propergol  entre  eux  et  avec  les  dldments  constitutifs  du 
propulaeur,  qui  a des  consequences  directes  sur  la  durde  de  vie  au  stoclcage. 

- 1 'aptitude  du  propergol  A tranaiter  de  la  deflagration  A la  detonation  lore  d'agreaaiona  tellee 
que  : l'incendie,  lea  impacts  de  projectiles,  les  detonations  prochea...  avec  leurs  consequences  sur 
la  suretd  d'emploi. 

- la  discretion  via  A vis  de  l'ennemi  pour  dviter  le  repdrage  du  point  de  tir  par  lea  fumdea,  les 
flammes  ou  le  bruit. 

- la  gAne  pour  le  tireur  et  les  servants  par  le  bruit,  les  effete  de  souffle,  et  leurs  dventuellea 
consdquencee  thermiques,  lee  projections  arriAres  directes  (debris  du  syatAme  d'allumage,  particules 

de  propergol  imbrflldes)  et  indirectes  (sable, cailloux  soulevee  du  sol  par  le  souffle  du  propulaeur). 

Le  programme  optimum  correspond  A un  compromis  entre  lea  caractdrlatiques  techniques,  dconomiques 
et  opdrationnelles. 

Afin  de  pouvoir  fairs  ce  choix  en  touts  connalssance  de  cause  il  permit  souhaitable  d'entreprendre 
des  dtudes  compldmentairea.  Ces  dtudea  devraient  porter  sur  la  gdndration  des  bruits  et  des  flammes, 
les  moyena  de  les  rdduire  et  la  determination  dea  maximum  admissiblea. 

De  mAme  il  conviendralt  d'examiner  plus  complAtement  les  effets  de  souffle  et  de  projection  sur 
le  tireur  et  sur  1 'envl ronnement  de  la  plAce. 

L'objectif  est  d'dtablir  des  specifications  ddflnissant  lea  nlveaux  acceptables  pour  le  tireur 
et  son  entourage  de  ces  divers  effets  environnant  des  propulseurs,  specifications  qui  devrainet  Itre 
prises  en  compte  par  le  bureau  d'dtude  lore  de  la  conception  des  propulseurs. 

De  tel les  etudes  devraient  permettre  de  ddfinlr  lea  possibillte  de  tir  dans  des  configurations 
partlculiArea  (tir  en  cave,  devant  un  mur  etc...)  et  le  gabarlt  de  adcuritd  arrlAre  pour  les  tlrs  en 
terrain  ddcouvert. 

Le  coflt  : 

11  sembls  evident  que  la  satisfaction  de  ces  diffdrentes  contralntes  condulae  A une  majoratlon  du 
prix  du  propulaeur.  Il  est  souhaitable  espendant  qua  cet  aspect  solt  present  dans  l'ssprlt  dss  concsp- 
teurs  lora  du  choix  par  example  de  matdrlaux  nouveaux  ou  dss  proeddds  ds  miss  sn  oeuvre, 

En  conclusion  on  peut  dire  pour  ce  qui  concerns  le  propulaeur  d' acceleration  dss  futures  roqusttss 
antichars  qu'il  devra  utiliser  un  propergol  de  pression  ds  fonctionnement  dlsvde  (supdrisure  A 500  bars) 
avec  un  coefficient  de  teapdrature  acceptable  pour  l'eaploi  tout  teapa,  de  vltsase  de  coabuation  ausal 
dlevd  que  possible,  de  aensibllltd  A la  combustion  droalve  dialnude  par  rapport  A calls  des  propsrgols 


actuals. 


II  est  nicessalre  dans  las  future  programmes  da  mettre  davantsge  l'accent  aur  las  caractdristiquee 
da  discretion  vis  k vis  da  l'ennemi  at  da  gkne  pour  la  cfitd  ami  - catta  amelioration  ne  concemant  pas 
aeuleaent  la  propargol,  mais  l'ensemble  du  propulseur  notamment  las  inhibiteurs  da  combustion  at  les 
protections  thermiquea  - ainsi  qua  aur  les  caracteristiquas  da  fiabilite  et  da  coflt. 

II  ne  faut  pas  a'attendre  capandant  compte-tenu  das  contraintes  enoncdea  plus  haut  k une  augmen- 
tation considerable  das  vlteases  da  sortie  da  tuba  da  lancement.  II  sera  done  necassaira  pour  les 
grandee  porteas  d'utiliser  une  propulsion  additionnelle  avec  eventual lament  une  correction  da  la 
trajectoire. 


DEVELOPMENT  OP  A SMALL  SOLID  PROPELLANT 
ROCKET  MOTOR  FOR  FLEXIBLE  RANGE  REQUIREMENTS 
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SUMMARY 

The  conventional  light  artillery  rocket  has  the  following  drawbacks: 

- The  ratio  of  minimum  to  maximum  range  ie  about  .6  and  should  be  smaller. 

- Near  minimum  range  trajectories  cause  large  longitudinal  dispersions. 

- The  thrust  program  is  far  from  optimum  for  maximum  range. 

These  disadvantages  may  be  avoided  to  some  extent  by  a solid  propellant  rocket  mo- 
tor with  two  propulsive  charges  and  two  independent  thrust  periods  of  equal  thrust  le- 
vels. The  charges  are  ignited  in  sequence  by  an  electronic  timing  circuit  at  a prede- 
termined time  of  delay  for  optimum  results  e.  g.  one  cf  the  following  alternatives: 

- maximum  range, 

- minimum  range, 

- favourable  ballistic  data  at  impact. 


- high  velocity  trajectory  for  minimum  dispersion. 

The  feasibility  of  such  a rocket  motor  has  been  demonstrated  by  software,  hardware 
and  successful  flight  tests.  Application  of  this  concept  to  other  missiles  may  be  ad- 
vantageous, too. 


NOTATIONS 
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The  studies 
Republic  of 


altitude 

aerodynamic  reference  area 

nozzle  throat  area 

diameter  of  missile 

aerodynamic  drag 

total  impulse 

launching  mass 

burn  out  mass 

propellant  mass 

Mach  number 

range 

flight  time 

total  flight  time 

burning  time  of  rocket  engine 

time  delay  between  ignition  of  the  first  and  the  second  charge  of  a dual 
impulse  motor 

thrust 

average  thrust,  thrust  level 
tangential  velocity  on  flight  path 
mean  velocity 
elevation  of  launcher 
®o  for  Kmax 
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appreviotions : 


DIM  dual  impulse  motor 

LAR  I light  artillery  rocket  (conventional),  Irst  generation 

D1M-LAR  II  light  artillery  rocket,  2nd  generation,  with  DIM  propulsion 

subscripts : 


1 

2 

min 

max 


first  thrust  phase 
second  thrust  phase 
minimum  value 
maximum  value 


1 . INTRODUCTION 

Progress  in  3olid  propellant  rocket  technology  during  the  last  five  years  has  been 
considerable.  Methods  for  control  of  thrust  vector  and  thrust  program  have  been  developed 
[ 1 , 2,  3]  in  addition  to  new  composite  propellants  and  light-weight  cases.  This  is  true 
for  space  applications  and  for  medium  or  large  rockets  for  military  use. 

Since  the  expenses  for  the  vehicle  should  be  in  reasonable  relation  to  the  expen- 
ses for  the  payload  or  the  warhead  most  of  this  progress  is  not  applicable  to  small  so- 
lid propellant  rockets  for  field  use  such  as  the  light  artillery  rocket  (DAR). 

2.  hA hhl C1I  PhoPKKTlKo  uF  Tlir.  CoKVKNTIONA  L LIGHT  ARTILLERY  ROCKKT 

As  well  known  the  range  of  the  conventional  light  artillery  rocket  is  only  control- 
led by  the  elevation  of  the  launcher.  Thus,  for  each  range  only  one  elevation  with  one 
trajectory  is  available  with  typical  d ispersi onal  deviations  from  the  theoretical  point 
of  impact.  Trajectories  with  elevations  9 > ^0(Kmax)  are  excluded  because  of  the  un- 
acceptable flight  times  ttot  and  dispersions.  d 

In  order  to  minimize  the  dispersion  due  to  cross  wind  in  the  initial  phase  of  flight 
a light  artillery  rocket  engine  is  designed  to  deliver  a comparatively  high  thrust  during 
a short  action  time  causing  for  instance  a medium  acceleration  of  430  m/s~  (=  45  g's) 
during  two  seconds  of  burning  time  t^. 

These  design  characteristics  effect  the  ballistic  properties  of  the  light  artillery 
rocket.  Figure  1 shows  a set  of  trajectories  for  the  light  artillery  rocket  with  diffe- 
rent elevations  . 

The  major  observations  from  this  figure  are: 

1)  The  ratio  of  minimum  to  maximum  range  is  about  Rni^n/Rn)ax  = .6 

ii)  Because  of  wind,  gusts  and  other  atmospheric  disturbances  in  addition  to  statisti- 
cal deviations  of  the  missile  data  all  probable  trajectories  for  a given  elevation 

are  covered  by  a cone  of  dispersion.  Thus,  large  longitudinal  dispersions  for  small 

ranges  R are  to  be  expected. 

The  next  figure  (fig.  2)  shows  the  aerodynamic  drag  D and  the  velocity  V on  the 
flight  path  vs  flight  time  t for  the  maximum  rarge  trajectory. 

The  figure  demonstrates  that  the  discharge  of  the  whole  total  impulse 

ttot 

Jtot 

0 

during  the  Aiitial  few  seconds  after  ignition  effects  large  velocity  reduction  due  to 
aerodynamic  drag  D.  Thus,  the  maximum  renge  R is  considerably  inferior  to  the  poten- 
tial maximum  range  R „(If  t)  which  could  be  realized  by  a more  "economic"  velocity  dis- 
tribution over  the  flight  path  or  the  flight  time 

Moreover,  the  comparatively  high  maximum  velocity  V(t^)  or  Mach  number  M(t. ) re- 
quires a corresponding  large  fin  urea  because  of  sta bility ulimits . This  means  high  de- 
pendency to  cross  wind  in  the  initial  thrust  phase  causing  a comparatively  large  trans- 
versal dispersion. 

At  small  ranges  high  speed  impact  is  inevitable.  This  limits  e.  g.  the  application 
of  secondary  warheads. 


V 


■ 
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3.  Mi  LIT ARY  i-.hwUlKKMKNT 

The  military  requirement  for  the  second  generation  of  the  light  artillery  rocket 
(LAR  II ) can  be  concisely  summarized  as  follows: 

i)  Use  of  existing  launchers  and  packages.  This  means  that  the  thrust  to  weight  ratio 
and  the  dimensions  of  the  existing  LAR  I must  not  be  exceeded. 

ii)  The  rocket  exhaust  gases  should  be  smokeless,  without  toxic  agents  and  without  an 
electrolyte  such  as  hydrogen  chloride.  In  any  case  this  is  necessary  because  of  thq 
operators  and  the  proper  function  of  the  incorporated  electronic  circuits  of  the 
missile  warhead. 

Thus,  at  least  in  the  first  thrust  phase  double  base  propellants  instead  of  higher 
performance  composites  should  be  used. 

iii)  The  light  artillery  rocket  LAB  II  must  have  a maximum  range  of  at  least  R = 20 
km  with  a minimum  range  of  R . = 4 km.  A range  of  R = 25  km  should  bemaxmed, 
the  minimum  range  being  R^.^ “=5  km,  that  is  to  say  §a£atfo  ^ j_n  ~ .2. 

4.  FKA.UBILITY  AND  COOT  EFFECTIVENESS 

The  conventional  German  Light  Artillery  Rocket  LAR  I has  a maximum  range  of  R 
= 14.2  km.  The  new  missile  must  exceed  this  range  by  40  - 30  $ within  the  geometric  and 
volume  constraints  given  by  the  LAR  I. 

This  challenge  can  be  more  or  less  met  by  several  concepts  euch  as  (fig.  3): 

4.1  A conventional  concept  with  a single  chamber  solid  propellant  rocket  engine  as 
applied  to  the  LAR  I,  but  using  a high  performance  cast  composite  propellant  together 
with  a suitable  cast  double  base  propellant  for  the  initial  thrust  phase.  Thus,  the  ex- 
haust gases  in  the  environment  of  the  launcher  are  smokeless  and  non-toxic. 

However,  this  concept  has  a lot  of  disadvantages,  e.  g.: 

- unknown  influence  of  the  electrolyte  during  composite  burning, 

- the  lack  of  information  upon  the  life  time  of  two  different  types  of  propellants  cast 
one  into  the  other, 

- problems  in  meeting  the  minimum  range  requirement  by  one  of  the  following  measures: 

i)  use  of  an  aerodynamic  brake,  which  needs  additonal  structure  and  may  cause  un- 
acceptable dispersion  due  to  atmospheric  disturbances  because  such  a brake  works 
like  a highspeed  parachute, 

ii)  use  of  a device  to  cut-off  thrust  before  regular  burn  out  time.  This  may  be  achie- 
ved by  extinguishment  of  the  propellant  or  by  thrust  compensation.  Fxth  methods 
require  highly  developed  additional  structures  and  a special  electronic  timing 
circuit  Bince  the  longitudinal  dispersion  is  very  sensitive  to  the  total  impulse 
I,  , delivered.  This  means  comparatively  high  production  and  development  costs 
anata  decay  in  maximum  range. 

iii)  use  of  a gar-dynamic  brake,  which  does  not  need  the  timing  circuit  mentioned  above, 
ouch  a device  diminishes  the  specific  impulse,  that  is  to  say  the  thrust  level, 
by  turning  off  an  amount  of  the  exhaust  gases  from  the  axial  direction.  This  me- 
thod also  requires  additonal  structure.  Another  consequence  is  a comparatively  low 
axial  velocity  at  the  end  of  the  launcher  favouring  the  cross-wind  influences  on 
dispers i on. 

All  these  disadvantages  prevented  us  from  developing  a conventional  concept  with 
additional  devices  to  meet  military  requirements. 

4.2  Figure  4 shows  a concept  with  two  solid  propellant  rocket  engines,  a booster  for 
launching  and  velocity  build  up  and  a sustainer  for  economic  velocity  distribution  on 
the  flight  path. 

Minimum  range  requirement  at  small  elevatirn  is  met  because  the  sustainer  cannot 
deliver  its  full  total  impulse  I.  ..  The  missile  is  in  the  target  before  the  sustainer's 
end  of  burning  time. 

For  maximum  range  this  concept  ip  the  best  if  the  thrust  program  only  is  considered 
without  regard  to  the  additonal  structure  raising  total  mass  of  the  missile  at  ignition 
a/, d diminishing  the  ueuble  volume  for  the  propellant.  System  analysis  for  light  artillery 
rockets  has  revealed  that  these  drawbacks  in  cost  and  structure  cannot  be  compensated 
by  a better  thrust  program. 

4.3  Keeping  this  in  mind  we  looked  for  a concept  characterized  by  the  simplicity,  ne- 
cessary for  snail  rockets,  together  with  a compi'omise  in  the  thrust  program.  The  result 
of  our  investigations  is  our  DIM  concr-pt  [4].  DIM  is  the  appreviation  for  Dual  Impulse 
Motor,  that  is  a rocket  engine  with  two  action  phases  of  equal  thrust  levoTs. 


DIM- 1. AH  II  CONCEPT 


5 . 1 MOCK  OF  ACTION 

Figure  5 reveals  that  the  DIM  concept  differs  from  a conventional  solid  propellant 
rocket  engine  by  its  two  combustion  chambers  each  incorporating  a solid  propellant  charge. 
The  igniter  for  the  rear  charge  is  located  in  the  nozzle  throat  and  is  jettisoned  after 
ignition  by  the  rising  pressure  in  the  rear  combustion  chamber. 

During  the  first  thrust  phase  the  second  charge  is  prevented  from  burning  by  a se- 
parating closure  which  opens  only  when  the  second  thrust  phase  is  initiated  by  a timing 
device  at  a predetermined  time  At  of  delay.  During  the  second  thrust  phase  the  rear  com- 
bustion chamber  acts  as  a blast-tube. 

With  this  concept  a thrust  program  as  indicated  in  figure  5 can  be  realized  with 
arbitrary  ignition  time  delay  At  > t^  for  the  second  charge. 

Within  the  internal  ballistic  constraints  given  by  the  fixed  nozzle  throat  area  A., 
and  the  propellant  properties  the  thrust  levels  T.  and  I9,  the  burning  times  t,  . and  t.  „ 
and  the  total  impulse  ratio  It0(;i/^tot2  Sra^ns  miJ$  differ  and  be  optimized. 

5.2  COMPONENTS 


In  comparison  to  conventional  solid  propellant  rocket  engines  using  end  or  radial 
burning  grains  the  D3M  engine  needs  the  following  additional  or  specially  designed  com- 
ponents : 

i)  timing  device  for  the  ignition  of  the  second  charge  (electronic,  mechanical  or  pyro- 
technic) , 

ii)  rear  combustion  chamber  acting  as  blast-tube  during  the  second  thrust  phase, 

lii)  closure  separating  both  chambers  during  the  first  thrust  phase  which  converts  to  a 
sufficiently  large  orifice  at  the  beginning  of  the  second  thrust  phase. 

5.3  BALLIITl C IhCPKKTIES 

let  us  return  to  figure  2 and  exchange  the  conventional  solid  propellant  rocket  en- 
gine by  a DIM  engine  where  the  mass  ratio  of  both  charges  is  ®di/®C2  = 1 ’ ^jat  to  say 
both  charges  are  equal  in  mass.  ' ** 

In  figure  6 aerodynamic  drag  D and  velocity  V on  the  flight  path  vs  time  t are  plot- 
ted for  a maximum  range  trajectory  and  compared  with  the  conventional  light  artillery 
rocket.  The  maximum  values  of  aerodynamic  drag  D and  Mach  number  M,  are  inferior  to 
these  of  the  conventional  light  artillery  rocket? 

This  means  that 

i)  the  fins  of  the  DIM  missile  may  be  comparatively  small  with  little  cross-wind  influ- 
ence in  the  initial  flight  phase, 

ii)  the  more  "economic"  velocity  distribution  on  the  flight  path  will  result  in  an  ele- 
vated maximum  range  in  comparison  to  the  conventional  light  artillery  rocket. 

This  can  be  readily  seen  from  figure  7 where  the  elevation  vs  range  R is  plotted 
for  several  values  of  ignition  delay  time  At.  The  dotted  line  is  for  At  = tb1,  that  is 
to  say  for  the  conventional  light  artillery  rocket,  since  both  thrust  phases  are  merged 
into  one. 


re  7 


The  following  most  important  features  of  our  DIM  concept  can  be 


derived  irom 


i)  Compared  with  the  conventional  light  artillery  rocket  the  maximum  range  R is 

tend  c!  and  the  minimum  range  Km1n  diminished,  thus  easily  meeting  the  flcTirle  range 


requirement 
is  about  R /R 
the  convenTIonax^O 


In  the  special  caS^npresented  the  ratio  of  minimum  to  maximum  range 
/r  = 4.55  km/25.76  km  = . 16  instead  of  12.68  km/23.53  km  = .55  for 


eBign. 

ii)  The  maximum  range  is  extended  by  about  9 

iii)  The  minimum  range  is  reduced  by  about  65  #• 

iv)  For  range  control  two  parameters  are  available,  elevation  and  ignition  time  delay 
At  of  the  second  charge.  For  any  range  R between  R . and  K an  infinite  number 
of  combinations  of  elevation  ^ and  time  delay  At  isnoptionffYv  Thus,  the  optimum 
trajectory  may  be  chosen,  characterized  by  or.e  of  the  following  or  other  conditions 
(fig.  8): 
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- minlmun  f j ight  time, 

- minimum  dispersion, 

- special  lallistic  data  at  impact, 

- flight  over  an  obstacle. 

5.4  INFLUENCE  OF  DESIGN  DATA 

To  get  exact  data  for  preliminary  design  of  DIM  engines  systematic  ballistic  in- 
vestigations have  been  carried  out  including  variations  in  missile  diameter,  launching 
weight,  aerodynamic  cleanness  and  mass  ratio  m^/m^  propellant  charges. 

All  results,  which  may  be  interesting  for  design,  cannot  be  discussed  in  this  paper. 
The  investigations  showed,  that  the  advantages  of  the  DIM  concept  compared  with  a con- 
ventional radial  burning  solid  propellant  engine,  increase  with  the  potential  influence 
of  aerodynamic  drag  D,  that  is  to  say  with  diminishing  ratio  of  burn  out  mass  to  aero- 
dynamic reference  area  mb/Ar  and  dininishiig  aerodynamic  cleanness  (fig.  9). 

The  limits  of  minimum  and  maximum  range  of  a DIM  missile  shown  in  figure  9 have 
been  computed  for  m . /m  „ = 1 . Variation  of  this  ratio  shifts  these  limits,  that  is  to 
say  B'pi/TEpo  may  be  fe^tifiized  for  maximum  range  R^^  or  other  requirements. 

The  influence  on  dispersion  of  deviations  from  the  design  data  has  been  investigated, 
too.  it  has  been  shown,  that  compared  with  a conventional  LAR  II  a DIM-LAR  31  is  less 
sensitive  to  deviations  in  specific  impulse  and  aerodynamic  cleanness  but  more  dependent 
on  deviations  in  launching  mass  m , but  adjusting  this  mass  is  not  very  difficult.  Devi- 
ations in  delay'  time  At  are  no  problem,  too.  In  the  most  unfavourable  case  a ratio  AR/At 
< 1 m/ms  has  been  determined  for  a DJM-LAK  II. 

Moreover,  the  atmospheric  influences  on  dispersion  of  a DIK-LAR  II  are  comparative- 
ly small,  since 

i)  the  mean  velocity  ^ on  the  flight  path  is  higher, 

ii)  the  flight  path  and  the  flight  time  ttut  are  shorter  (for  medium  ranges) 
ana 

iii)  the  fin  area  is  smaller 
in  comparison  to  the  conventional  LAR  II. 

6 . STATE  01*  ART 


A German  Government  sponsored  technology  and  development  pi egram  carried  out  at  Dy- 
r.amit  Lobel  Company  in  1973  and  1974  revealed  that  a DIM  solid  propellant  rocket  engine 
is  feasible  with  conventional  technology  and  limited  development  cost  and  risk.  Three 
experimental  DIM-LAR  missies  were  flown  successfully  on  21  May  1975. 

Our  know-how  in  software  and  hardware  in  this;  special  field  of  solid  propellant 
rocket  technology  would  enable  us  to  develop  a DIM  Light  Artillery  Rocket  which  meets 
all  military  requirements  perfectly.  This  could  be  done  within  a comparatively  short 
time  ar.d  with  moderate  funds.  The  new  components  mentioned  above,  which  are  electronic 
timer,  rear  combustion  chamber  wilh  thermal  insulation  and  the  closure  dividing  both 
chambers,  are  hardware  and  need  no  additional  development  efforts.  In  figure  10  the  com- 
ponents of  a DIM-LAH  II  are  shown. 

7.  CLHJLUJION 

The  performance  of  the  DIM-LAR  II  light  artillery  rocket  agrees  with  the  military 
requirements  and  can  be  easily  fitted  to  new  or  other  requirements. 

The  ballistic  data  of  the  DIM-LAR  II  missile  for  a given  range  R can  be  chosen  for 
best  efficiency  since  two  parameters  of  range  control  are  available. 

The  over-all  dispersion  of  a DIM-LAH  II  due  to  internal  or  external  deviations  is 
small  compared  with  a conventional  LAR  11. 

The  new  components  required  for  a DIM-LAR  II  as  compared  with  the  conventional  de- 
sign do  not  need  additional  development  efforts  or  unusual  production  devices.  The  other 
components  such  as  propellant  and  hardware  are  standard.  All  present  launchers  can  be 
used  without  any  modification.  The  production  costa  are  moderate  in  comparison  with  the 
elevated  performance. 
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SUMMARY 

A gliding  projectile  has  several  crucial  advantages  in 
comparison  to  a ballistic  one.  With  equal  starting  velocity, 
the  flight  path  flattens.  This  gives  the  gliding  projectile 
a higher  hit  probability  in  the  vertical  plane.  With  equal 
flight  path  curvature,  its  starting  velocity  would  be 
essentially  lower,  which  would  allow  a lower  weapon  weight. 

In  order  to  eliminate  the  cross-wind  error  and  to  keep  the 
flight  time  short,  a sustainer  could  be  employed.  Gliding 
effect  and  sustainer,  however,  also  provide  new  errors. 

The  purpose  of  this  report  is  to  give  a survey  of  aerodynamic 
and  mass  dynamical  means  to  reduce  these  errors.  The  increase 
of  stability  reduces  certain  errors.  It  does  not  affect, 
however,  error  sources  such  as  cross  wind  and  initial  roll. 


1.  INTRODUCTION 

The  anti-tank  hand  weapon  is  basically  a tube  from  which  the  projectile  is 

launched.  In  order  to  eliminate  the  recoil,  a body  with  mass  equal  to  the  projectile 

is  ejected  to  the  rear  (fig.  1).  It  disintegrates  rapidly  in  air.  Essentially  there 
are  three  requirements  for  this  weapon: 

- It  should  be  as  light  in  weight  as  possible 

- It  should  be  easy  to  operate  by  the  gunner 

- It  should  exhibit  a high  hit  probability. 

With  increasing  operational  range  it  becomes  more  and  more  difficult  to  meet  these 
requirements.  Provided  that  over  the  entire  operational  range  the  tank  height  is  not 
to  be  exceeded,  and  a distance  measurement  with  subsequent  launch  angle  adjustment  is 
to  be  avoided,  the  flight  path  must  flatten  with  increasing  operational  range.  For  a 
ballistic  projectile  this  would  involve  a higher  starting  velocity  and,  in  consequence, 
a greater  weight  for  the  launch  tube  to  meet  the  increasing  strength  requirements. 

In  order  to  extend  the  flight  path  of  the  projectile  without  increasing  the 
starting  velocity  and  the  weapon  weight,  the  gravitation,  for  instance,  can  be 
compensated  for  entirely  or  in  part  by  a lift  force.  Deceleration  during  flight  may  be 
counterbalanced  by  a sustainer.  For  purposes  of  comparison,  fig.  2 shows  the  flight 
paths  in  the  vertical  plane  of  a ballistic  projectile,  of  a gliding  projectile  without 
and  of  a gliding  projectile  with  sustainer.  A scale  distortion  was  chosen  for  better 
display  of  the  flight  paths,  i.e.  vertical  distances  are  presented  in  larger  scale 
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than  horizontal  distances.  Gliding  effect  and  sustainer  are  new  error  sources  which 
cast  doubt  on  the  success  of  these  devices.  However,  promising  possibilities  exist 
for  reducing  these  and  other  disturbances.  All  these  means  are  of  a design  nature  and 
in  some  way  alter  the  aerodynamics  or  mass  dynamics  of  the  projectile.  In  consequence, 
different  new  projectile  versions  were  designed.  Their  flight  paths  were  calculated 
using  a three-dimensional  flight  path  program.  This  was  based  on  the  most  important 
disturbances,  choosing  magnitudes  which  appear  realistic. 


2.  GLIDING  PROJECTILE  AND  VARIANTS 

The  basic  version  of  the  projectile  is  shown  in  fig.  3.  The  projectile  data  are 
presented  in  table  I.  A pair  of  fins  at  the  nose  produces  the  lift.  This  provides  a 
positive  pitching  moment,  which  is  compensated  for  by  an  equally  large,  contrarily 
acting  one  of  the  aft  body.  This  is  accompanied  by  the  build-up  of  a positive  angle 
of  attack  which  produces  the  lift  to  counterbalance  gravitation  (fig.  4). 

In  order  to  reduce  the  starting  velocity  and  to  compensate  for  cross  wind  the 
projectile  was  equipped  with  a sustainer  (version  B in  fig.  5).  The  keel  fin  of  version 
Cl  causes  the  projectile  to  turn  with  lift  in  the  case  of  cross  wind  and  initial  yaw, 
such  that  the  lateral  lift  component  counteracts  the  lateral  displacement.  It  turned 
out  that  the  initial  yaw  was  overcompensated  in  case  of  version  Cl.  Therefore  version 
C2  was  provided  with  a keel  fin,  which  can  be  dropped.  A release  of  this  fin  at  an 
appropriate  instant  permits  compensation  of  cross  wind  as  well  as  of  initial  yaw. 
Version  D carries  an  upper  fin.  This  is  intended  to  diminish  initial  roll.  However, 
an  adverse  effect  as  far  as  cross  wind  and  yaw  are  concerned  cannot  be  avoided. 

Version  E features  a mass  rotor  which  can  only  turn  about  its  axis  of  rotational 
symmetry,  which  points  in  y-direction.  The  gyro  effect  is  intended  to  transfer  the 
rolling  motion  of  the  projectile  into  a less  critical  pitching  or  yawing  motion.  In 
version  F (fig.  6)  the  part  of  the  projectile  carrying  the  mass  rotor  was  designed 
as  a rotary  nose.  This  reduces  the  angular  momentum  and  the  mass  of  the  rotor.  In 
version  G the  rotor  is  provided  with  a gimbal.  In  this  way  it  has  3 degrees  of  freedom 
with  regard  to  the  projectile.  Version  H has  a rotary  nose  with  a roll-stabilizing  fin 
to  diminish  roll.  In  addition  there  is  a sustainer  for  cross-wind  compensation. 

.ersion  I is  similar  to  version  H except  for  a rotor  with  gimbal  (as  in  version  G) 
instead  of  the  roll-stabilizing  fin  at  the  rotary  nose. 


3.  FLIGHT  PATH  SIMULATION  INCLUDING  DISTURBANCE  PARAMETERS 

Using  a three-dimensional  flight  path  program  based  on  the  complete  differential 
equations  of  motion  with  aerodynamic  coefficients  obtained  in  the  wind  tunnel,  flight 
paths  were  computed  with  an  IBM  computer  370/165.  Each  version  was  subjected  to  each 
of  the  mentioned  disturbances.  The  disturbance  parameters  with  their  standard  devi- 
ations are  given  in  table  II.  For  initial  roll  two  values  were  chosen.  This  is  done 
to  compensate  for  the  great  uncertainties  attached  to  the  roll  parameter,  which  has  a 
strong  influence  on  the  deviations.  The  chosen  parameters  for  initial  roll  also  take 
roll  errors  during  flight  into  consideration.  The  paths  ct  the  versions  without  a 
sustainer  were  computed  with  a starting  velocity  of  « 200  m/s.  In  the  case  of  the 
versions  with  a sustainer  the  starting  velocity  » 172  m/s  was  chosen  to  obtain 
approximately  the  same  flight  time  (1.73  s).  In  case  of  a decrease  of  starting  velocity 
to  150  m/s  the  condition  of  equal  flight  time  can  no  longer  be  satisfied,  as  the 


deviations  become  too  large.  A decrease  of  sustainer  momentum  caused  an  increase  of 
flight  time  to  1.96  s.  A change  of  mass  and  moment  of  inertia  data  due  to  the  addition 
of  a sustainer  was  not  taken  into  account  in  the  flight  path  computations.  This  is 
permitted,  as  the  flight  path  is  rather  insensitive  to  changes  of  mass  and  moments 
of  inertia.  Furthermore,  a very  low  momentum  (approx.  40  Ns)  is  required  for 
pro pulsion. 


4.  RESULTS 

In  order  to  evaluate  the  performance  of  the  various  versions  of  the  projectile, 
deviations  at  a horizontal  distance  of  300  m are  examined.  Fig. 7 shows  £he  pattern 
on  target  for  the  basic  projectile  (version  A),  i.e.  the  dispersion  of  hits  due  to 
various  disturbances  on  a square  target  with  an  area  corresponding  to  a circular  disk 
of  2 m in  diameter.  The  deviations  apply  for  the  l(g  values  of  the  disturbances,  that 
is,  in  68  % of  the  cases  the  disturbance  results  in  a deviation  as  shown  in  the 
figure,  or  in  a smaller  value.  The  various  disturbances  and  their  effect  on  the 
different  versions  of  the  projectile  are  summarized  in  figs.  9 to  11.  Table  III  gives 
an  evaluation  of  the  various  variants  in  comparison  with  the  original  version  with 
regard  to  their  effect  on  the  disturbance  parameters.  At  a first  glance  it  is  seen 
that  the  cross  wind  and  initial  roll  cause  the  greatest  deviations,  provided  the 
numerical  value  of  the  initial  roll  is  a realistic  one.  For  this  reason,  main 
attention  is  paid  to  the  influence  of  these  two  disturbance  parameters  when  judging 
the  remaining  versions. 

As  can  be  seen  from  the  computer  results,  the  following  design  features  help  to 
compensate  the  two  most  important  disturbances  best: 

a)  cross-wind  effects  may  be  diminished  by 

- a sustainer 

- a droppable  keel  fin,  and 

- a mass  rotor  with  1 degree  of  freedom; 

b)  initial  roll  effects  may  be  diminished  by 

- a mass  rotor  in  a rotary  nose  with 
3 degrees  of  freedom,  and 

- a roll-stabilizing  fin  on  a rotary  nose. 

Each  design  feature  by  itself  did  not  show  effective  compensation  of  both  cross  wind 
and  initial  roll.  Therefore  combinations  of  a and  b were  investigated.  The  addition 
of  a sustainer  to  a mass  rotor  in  a rotary  nose  with  3 degrees  of  freedom  proved  to  be 
the  most  effective  combination  (fig.  8).  Fig.  12  indicates  that  version  I is  particu- 
larly advantageous  compared  to  the  others  when  the  initial  roll  disturbance  amounts 
to  10  °/s  or  more.  When  the  latter  is  equal  to  or  less  than  3 1/3  °/s,  the  versions 
E,  B and  C2  are  also  suitable.  These  three  versions  provide  compensation  of  cross  wind 
by  mass  rotor,  sustainer  or  dropping  the  keel  fin,  respectively.  Of  these  versions, 

B has  the  advantage  of  a lower  starting  velocity  (172  m/s  as  against  200  m/s).  Fig.  13 
illustrates  the  Influence  of  the  starting  velocity  on  the  overall  mass  of  the  weapon. 
For  instance,  the  weapon  mass  decreases  by  about  1 kg  when  the  starting  velocity  can 
be  reduced  from  240  to  160  m/s. 

Versions  Cl,  D,  F and  H are  riot  suitable  at  all.  With  version  Cl  a fixed  keel 
fin  designed  for  cross-wind  compensation  will  overcompensate  the  initial  yaw  to  an 
unacceptable  degree.  The  upper  fin  of  version  D slightly  reduces  roll.  With  D,  however, 
the  effect  of  the  remaining  disturbances,  particularly  of  initial  yaw  and  of  the 
lateral  aerodynamic  malalignment,  is  increased.  In  the  case  of  version  F which  carries 


a rotor  in  a rotary  nose,  extreme  roll  of  the  nose  is  induced  by  cross  wind  via 
yawing.  The  lift  obtains  a large  lateral  component  causing  a large  lateral  deviation. 
The  gyro  exerts  no  stabilizing  effect  as  it  has  merely  2 degrees  of  freedom.  At  launch 
the  roll-stabilizing  fin  attached  to  the  rotary  nose  of  version  H is  turned  sideways 
due  to  the  cross  wind  and  especially  to  initial  yaw.  In  this  way  a lateral  lift 
component  is  produced.  Version  B using  a sustainer  shows  increasing  deviation  with 
decreasing  starting  velocity.  This  is  mainly  caused  by  the  longer  flight  time,  as  the 
effect  of  certain  disturbances  (roll,  thrust  error)  grows  with  flight  duration.  The 
longer  flight  time  has  an  additional  disadvantage  when  combating  moving  targets.  These 
can  cover  a considerable  distance  from  the  moment  the  projectile  is  launched. 

Stability  has  the  following  effect  on  the  disturbances:  greater  stability 
diminishes  the  influence  of  disturbing  moments  caused  by  aerodynamic  and  thrust 
malalignment.  Bitch  and  yaw  disturbance  are  favourably  affected  as  well.  The  devi- 
ations in  case  of  initial  pitch  are  much  larger  than  with  initial  yaw,  as  the  pitch 
stability  is  lower  than  the  yaw  stability.  The  low  pitch  stability  originates  from 
the  destabilizing  trimming  fins.  To  the  most  important  disturbances  such  as  cross 
wind  and  roll,  however,  the  stability  effects  are  almost  negligible. 


5.  CONCLUSION 


In  order  to  compensate  gravitational  forces  which  influence  the  flight  path 
curvature  unfavorably,  a projectile  was  designed  with  a pair  of  fins  at  the  nose. 

In  this  way,  in  addition  to  gravitational  force  compensation  a trimming  of  the 
projectile  is  achieved.  New  disturbances  arise,  mainly  initial  roll.  Means  were 
investigated  to  keep  the  influence  of  the  disturbances  to  a minimum.  Special  attention 
was  paid  to  the  most  serious  sources  of  error,  which  are  cross  wind  and  initial  roll. 
No  individual  means  by  itself  could  be  found  to  reduce  both  these  disturbances.  A 
sustainer  was  considered  to  be  particularly  suitable  with  regard  to  cross  wind.  It 
also  permits  a lower  starting  velocity  and  thus  a reduction  in  weight  of  the  weapon. 
Further  devices  for  cross-wind  compensation  are  a droppable  fin  and  a mass  rotor. 

A gyro-stabilized  nose  is  advisable  for  diminishing  initial  roll.  A combination  of 
sustainer  and  gyro-stabilized  nose  is  suitable  in  the  event  of  large  initial  roll 
10  °/s  or  more).  In  case  of  slight  initial  roll  equal  to  or  less  than  3 1/3  °/s,  one 
of  the  three  alternatives  for  cross-wind  compensation  suffices.  Further  investigations 
by  the  MBB  company  will  concentrate  mainly  on  the  feasibility  of  a gyro-stabilized 
nose  with  respect  to  large  accelerations  (up  to  20,000  g)  during  launch. 


Table  I 


Projectile  Data 


Mass  m 

Monents  of  inertia  about  the  transverse 
axis  Iy,  Iz 

Moment  of  inertia  about  the  longitudinal 
axis  Ix 

Overall  length  1 

Largest  diameter  d 

Largest  cross-sectional  area  S 

Position  of  centre  of  gravity  xc 
(from  nose) 

Diameter  of  pin  dp 

Chord, of  trimming  fins  cft 

Span  of  trimming  fins  sft 

Angle  of  incidence  ot  trimming  fins  nft 


Table  II 


Standard  Deviations  of  the  Disturbances  (lo 
Cross  wind  v 

w 

Initial  roll  p^ 

Initial  yaw  r^ 

Lateral  aerodynamic  malalignment  Cn 

am 

Lateral  thrust  malalignment  ey 
Lateral  aiming  error  6y 
Roll  attitude  ♦, 

V 

Initial  pitch 

Vertical  aerodynamic  malalignment  C 

am 

Vertical  thrust  malalignment  cz 
Vertical  aiming  error  6Z 


1 kg 

0.0136  kgm2 

0.002463  kgm2 
0.415  m 
0.0674  m 
0.003568  m2 

0.205  m 
0.018  m 
0.0125  m 
0.043  m 
3° 


-Values ) 

3.9  m/s 

10  °/s  or  3 1/3  °/s 
20  °/s 
0.001 
1 °/oo 

3 1/3  cm/300  m 
1° 

20  °/s 
0.001 
1 °/oo 

3 1/3  cm/300  m 


Fig.:  1 Anti  - tank  hand  weapon 


Fig  2 Influence  of  the  gliding  effect  on  the  flight  path 
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Fig.:  6 Examined  projectile  versions  D 


version  G 


version  H 


Fig.:  7 Pattern  on  target  version  A la  - deviations 


Fig. : 8 Pattern  on  target  version  1 1o  - deviations 
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1 . Introduction 

The  so-called  composite  double  base  or  CDB  solid  propellants  have  been  developed  and  tested 
at  our  Institute  for  the  past  fifteen  years  or  so.  Their  main  constituents  may  be  ammonium 
perchlorate,  nitrocellulose  fluid  balls,  nitroglycerin,  aluminum,  and  a crosslinked  polyurethane 
binder. 

These  propellants,  which  are  prepared  in  a slurry  process,  are  characterized  by  very  high 
energy,  highly  variable  burning  rates  from  presently  12  to  70  mm/s  at  130  bar  pressure,  and 
good  visco-elastic  properties. 

A number  of  problems,  which  can  occur  in  an  aggravated  form  in  composite  propellants,  are 
caused  by  the  highly  corrosive  hydrogen  chloride  in  the  combustion  gases  formed  from 
ammonium  perchlorate.  Consequently,  it  would  be  desirable  to  replace  ammonium  perchlorate 
in  these  propellant  systems  by  other  oxidants,  in  particular  organic  oxidants.  Suitable  substan- 
ces for  these  purposes  are  the  stable  and  very  powerful  compounds  known  in  explosives  tech- 
nology in  the  group  of  cyclic  nitramines,  such  as  hexogen  or  RDX  and  octogen  or  HMX  which 
are  processed  into  CDB  propellants  with  HCl-free  offgases  together  with  the  other  propellant 
constituents,  such  as  nitrocellulose  fluid  balls,  nitroglycerin,  aluminum,  and  polyurethane  binder. 
Similar  concepts  have  been  described  in  the  literature  as  solid  propellants  or,  without  aluminum, 
as  gun  powders.  There  are  some  differences  probably  in  the  fabrication  techniques  or  the  pro- 
perties of  the  propellants. 

2.  Spectrum  of  Properties  of  CDB  Propellants 

In  the  course  of  this  concept  CDB  solid  propellants  were  produced  with  a number  of  interesting 
characteristics  which  will  be  described  below. 

- The  specific  energies  of  modern  composite  propellants  with  polybutadiene  binders  are 
reached  or  even  exceeded  by  these  CDB  propellants,  the  densities  of  the  propellants 
being  roughly  comparable. 

- The  CDB  propellants  have  excellent  visco-elastic  properties  and  can  therefore  be 
produced  as  case-bonded  propellant  charges. 

- The  propellant  masses  to  be  prepared  in  a slurry  process  can  be  produced  in  the 
same  mixers  and  casting  equipments  as  composite  propellants,  if  vertical  mixers 
are  used. 

- The  offgases  of  the  propellants  contain  no  corrosive  components  that  might  result  in 
rapid  corrosion  of  the  launchers  or  inadmissible  exposure  of  the  operating  personnel. 

3.  Preparation  of  Propellants 

CDB  propellants  are  prepared  in  vertical  mixers  with  the  necessary  devices  for  heating, 
cooling  and  vacuum  (Fig.  1).  Following  the  flowsheet  shown  in  Fig.  2,  the  necessary  quantity 
of  nitroglycerin  phlegmatized  with  the  polyurethane  prepolymer  is  loaded  in  the  vertical  mixer, 
and  the  dried  nitrocellulose  fluid  balls,  the  catalysts,  stabilizers  and  wetting  agents  are  stirred 
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into  the  solution. 

At  temperatures  of  approximately  50°C,  stirring  initiates  a swelling  process  of  the  nitrocellu- 
lose fluid  balls  with  the  nitroglycerin  which  is  interrupted  when  the  viscosity  has  reached 
approximately  500  decipascal-seconds  (poise). 

Then  the  aluminum  powder  and  hexogen  or  octogen  is  added,  and  mixing  is  continued  while 
cooling  to  25°C  under  a vacuum  of  13,3  millibar. 

After  addition  of  the  diisocyanate  curing  agent  the  mixture  ready  for  casting  with  viscosities 
between  1000  and  4000  decipascal -seconds  is  cast  at  25°C.  The  relatively  small  solid  fraction 
and  the  use  of  non-fibrous  nitrocellulose  are  the  reasons  for  the  low  viscosity  and  the  unpro- 
blematic preparation  technique. 

Also  casting  is  carried  out  under  a vacuum  (Fig.  3). 

The  reaction  of  the  curing  agent  with  the  prepolymer  gives  rise  to  crosslinked  propellants  with 
visco-elastic  properties.  CDB  propellants  cure  within  72  to  120  hours  at  temperatures  between 
30  and  50°C. 

4.  Properties 

4.1.  Theoretical  Calculation  of  Performance 

Table  1 is  a summary  of  a number  of  propellant  combinations  obtained  from  performance  cal- 
culations. 

With  the  aluminum  content  kept  constant,  the  hexogen  or  octogen  was  increased  in  10%  steps, 
while  the  nitrocellulose/nitroglycerin  fraction  was  reduced  and  the  polyurethane  binder  fraction 
was  kept  unchanged. 

Fig.  4 is  a plot  of  the  performance  data  calculated,  with  the  hexogen  fraction  as  the  abscissa 
and  the  specific  impulse  as  the  ordinate.  Up  to  12%  aluminum  the  specific  impulses  increase 
linearly  with  the  hexogen  content.  ^ ' 

At  14  to  18%  aluminum  there  may  be  a drop  in  the  specific  impulse  with  increasing  hexogen 
content . 

The  following  results  can  be  deduced  from  the  calculations: 

- With  the  aluminum  content  kept  constant,  a decrease  of  the  adiabatic  flame  temperature 
was  calculated  with  increasing  hexogen  or  octogen  fractions. 

- The  specific  impulse  of  an  equilibrium  flow  increases  with  the  aluminum  content. 

Optimum  values  are  found  between  12  and  16%  at  hexogen  or  octogen  concentrations 
of  50  to  70%. 

- The  specific  impulse  of  most  combinations  was  calculated  to  be  between  2550  and  2650  Ns/kg. 
These  performance  levels  are  in  the  range  of  composite  propellants  with  high  solid 
fractions. 

4.2.  Burning  Properties 

The  burning  properties  of  similar  types  of  propellants  are  described  already  in  the  literature. 

This  indicates  that  the  presence  of  hexogen  or  octogen  in  double  base  propellants  destroys  the 
plateau  behavior  and  can  cause  the  pressure  exponent  n in  Vielle’s  equation,  r = a • P , to 
rise  strongly. 

With  hexogen  bearing  double  base  propellants,  pressure  exponents  0,7  have  been  obtained 
in  the  pressure  range  of  up  to  some  250  bar. 


We  will  discuss  the  burning  properties  of  propellants  with  hexogen  fractions  of  30  and  40  %. 
The  mean  grain  size  of  the  hexogen  used  was  11  ^um  after  grinding  in  a colloid  mill. 

The  values  of  the  burning  rates  as  a function  of  pressure  can  be  seen  from  Tables  2 and  3. 
Fig.  5-6  show  the  burning  diagrams  of  the  propellants  listed  in  the  tables  in  a log-log 
coordinate  system. 

In  the  absence  of  catalysts  a pressure  exponent  of  0.76  can  be  calculated  from  the  straight 
burning  line  also  for  these  propellants. 

As  a consequence,  various  metal  compounds  of  lead,  tin,  chromium,  iron,  copper,  vanadium, 
zirconium,  molybdenum  and  selenium  were  added  to  the  propellants  in  concentrations  of  1-3%. 

The  effectiveness  of  the  compounds  used  differed  greatly.  In  most  cases,  only  the  rates  in- 
creased, whereas  the  pressure  exponents  did  not  change  greatly. 

Some  results  obtained  in  this  series  with  lead,  copper  and  tin  compounds  will  be  indicated 
(Table  2). 

In  addition  to  the  metal  ion  also  the  organic  residue  is  of  major  significance  as  far  as 
effectiveness  is  concerned. 

While  the  two  lead  betaresorcyclates  only  brought  about  an  increase  in  the  burning  rate,  the 
lead  salicylates  were  able  to  reduce  the  exponent  to  values  of  0.6  in  the  pressure  range 
between  70  and  180  bar. 

Another  interesting  feature  to  note  was  the  burning  behavior  of  propellants  with  40%  hexogen 
and  a slightly  modified  binder  composition  (Table  3). 

Compounds  such  as  tin  octoate  increase  the  burning  rate,  but  the  pressure  exponents  are  at 
a value  of  0.85.  Also  lead  octoate  and  copper  diresorcyclate  would  be  suitable  only  to  a 
limited  extent. 

However,  lead  monosalicylate  and  monobasic  copper  betaresorcylate  will  raise  the  exponents 
to  levels  of  0,45  in  the  pressure  range  between  100  and  180  bar,  which  is  so  important 
for  rochet  motors;  in  those  cases,  high  increases  of  0.8  were  measured  below  100  bar 
and  above  180  bar. 

Extended  studies  will  be  necessary  to  allow  the  burning  behavior  to  be  modified  on  an  even 
larger  scale. 

4.3.  Mechanical  Properties 

The  mechanical  properties  were  determined  in  tensile  tests  with  a Zwick-type  tensile  tester 
employing  crosshead  rates  of  50  mm/min.  The  JANNAF  specimen  form  with  a measuring 
length  of  50  mm  was  used.  The  values  quoted  are  mean  values  taken  from  five  assays. 
Before  the  test  specimens  were  conditioned  for  168  hours  at  20  C and  relative  humidities 
of  the  air  of  5%.  In  the  tests  referred  to,  the  maximum  tensile  strengths  corresponded 
to  the  ultimate  tensile  strenghts,  and  so  did  the  respective  strains. 

The  mechanical  properties  of  the  CDB  propellants  described  in  this  paper  are  determined  by 
various  factors.  Earlier  experiments  had  indicated  that  the  reaction  of  the  prepolymer  with 
the  diisocyanate  and  the  swelling  of  the  nitrocellulose  fluid  balls  with  nitroglycerin  made  an 
additive  contribution  to  the  overall  properties  of  the  propellants.  In  this  respect,  also  the 
effect  upon  the  polyurethane  formation  reaction  of  the  catalysts  used  for  burning  must  be 
taken  into  account. 


Where  curing  of  the  polyurethane  binder  was  inhibited  by  a catalyst  and  mainly  swelling 
reactions  occurred,  propellants  were  generated  which  had  bad  elastic  properties. 

It  is  evident  from  Table  4 that  for  the  same  propellant  compositions  the  catalyst  has  a major 
influence  upon  curing  and,  hence,  upon  the  ultimate  tensile  strength  and  strain.  Monobasic 
copper  salicylate  and  iron  octoate,  for  instance,  result  in  propellants  with  unsatisfactory 
mechanical  properties.  Improvements  in  these  values  are  brought  about  as  a result  of  the  use 
of  iron  acetyl  acetonate  and  lead  octoate,  in  which  cases  strain  values  in  excess  of  50  % were 
obtained. 

Excellent  visco-elastic  properties  are  achieved  with  monobasic  copper  betaresorcylate  at 
6.2  bar  and  73.0  %.  A reduction  of  the  catalyst  fraction  further  increases  the  strain  values. 
Accordingly,  also  the  polyurethane  binder  fraction  can  still  be  reduced.  However,  it  has 
become  apparent  that  mixtures  of  various  catalysts,  which  had  different  influences  upon  the 
mechanical  properties,  resulted  in  propellants  with  high  strain  values. 

The  influence  of  temperature  upon  the  mechanical  properties  is  evident  from  Table  5.  The 
propellant  was  cast  as  a block  and  cured.  The  test  specimens  were  punched  from  slabs. 

This  propellant  is  characterized  by  remarkably  good  visco-elastic  properties  in  the  low  tempera- 
ture region.  For  its  mechanical  behavior,  this  propellant  could  be  used  as  a case-bonded  type 
also  at  extreme  temperature. 

4.4.  Thermal  Stability 

The  thermal  stability  of  CDB  propellants  is  determined  chiefly  by  the  nitrocellulose  - nitrogly- 
cerin components.  Because  of  the  dilution  with  hexogen,  aluminum  and  the  polyurethane  binder, 
however,  excellent  values  may  be  expected  for  the  short  term  tests.  The  following  values  have 
been  found  for  various  compositions: 

Deflagration  temperature  = 180  - 188°C 

Holland  test  = 0.9  - 1.2  % loss  of  weight 

Bergmann-Junk  test  = 1.0  - 3.3  ml  -^j-  NaOH/g  feed  mat. 

It  should  be  added  that  these  stability  values  may  deteriorate  significantly  as  a result  of  the 
presence  of  some  burning  catalysts.  Long  time  storage  at  90°C  is  shown  in  Fig.  7.  A loss  of 
weight  of  3 % is  reached  after  44  days.  After  62  days,  when  the  loss  of  weight  is  5.8  %,  the 
reaction  occurs  autocatalytically.  This  behavior  is  typical  of  the  decomposition  characteristics 
of  nitrocellulose  and  is  found  also  in  double  base  propellants 

Practical  Energy  Assessment  in  Combustion  Chambers 

The  performance  was  determined  in  practice  in  combustion  chambers  with  approximately 
11.6  kg  of  propellant  mass. 

In  these  experiments,  which  served  only  for  testing  the  propellants  and  their  insulations,  no 
emphasis  was  put  on  optimizing  the  weight.  An  internal  star  burner  was  used  as  shown  in 
Fig.  8. 

For  the  combustion  experiments  steel  burning  chambers  of  a lightweight  construction  capable 
of  flying  were  used  (Fig.  9). 

The  insulation  of  the  chambers  was  manufactured  by  the  rotational  molding  process  with  a 
thickness  between  0.8  and  1.2  mm.  Filled  HTPB  polymers  were  used  as  the  insulation. 

Figure  10  lists  some  data  of  the  combustion  chamber,  the  propellant  charge,  the  nozzle,  and 
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the  ignition  system.  The  results  obtained  with  a propellant  containing  30  % hexogen  are  listed 
in  Table  6.  The  thrust  and  pressure  diagrams  of  a typical  propellant  are  shown  in  Fig.  11 
and  12. 


The  propellants  listed,  which  still  exhibit  differences  in  composition  and  in  the  catalysts,  were 
fired  in  the  pressure  range  between  140  and  190  bar. 

In  the  examples  quoted  specific  impulses  of  2316  to  2367  Ns/kg,  characteristic  velocities  of 
1489  to  1560  m./s,  and  thrust  factors  of  1.497  to  1.556  were  obtained.  These  performance  data 
can  be  improved  further  if  the  hexogen  fraction  is  increased  from  at  present  30  to  40  or  50  %. 

5.  Concluding  Remarks 

The  propellants  described  in  this  paper  lend  themselves  particularly  well  to  the  use  in  ballistic 
rockets  requiring  long  operating  times  of  the  launcher,  especially  because  of  their  high  perfor- 
mance and  the  absence  of  corrosive  gases.  The  visco-elasuc  properties  allow  the  fabrication 
of  case -bonded  propellant  charges  adhering  to  the  chamber  walls  and,  hence,  the  achievement 
of  high  volumetric  efficiencies.  The  simple  processing  capabilities  also  allow  the  production  of 
complicated  geometric  shapes  of  the  burning  surfaces.  We  regard  the  types  of  propellant 
described  here  as  interesting  additions  to  the  proven  line  of  double  base  and  composite 
propellants. 
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TABLE  I 


Calculated  Thermodynamic  Properties  of 
CDB-Propellants  with  Herogen  or  Octogcn  (Expansion  Ratio  70:1 1 
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TABLE  2 

Burning  Kate  in  min/s  of  CDB- Propellants 
in  the  Presence  of  Different  Catalysts 
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TABLE  4 

Mechanical  Properties  of  CDB-Propellants  at  20  °C 
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TABLE  5 

Mechanical  Properties  of  a CDB-Propellant 
at  Different  Temperatures 


TABLE  6 

Performance  Determination  of  CDB-Propellants 
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Fig  5 CDP-propWlants 
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Fig.6  CDB-propcIlants 
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I 

PROPERGOLS  NOUVEAirX  POUR  ENG  INS  TACTIQUES 
LES  SILILANES 


G.  DORIATH  - Ingenieur  chimiste  au  Centre  de  Recherches  du  Bouchet 
B.P.  n°  2 Le  Bouchet  91710  VERT  LE  PETIT 


l.es  sili lanes,  propergols  composites  A liant  silicone,  charges  avec  du  perchlorate  d'ammonium 
et  de  1 'aluminium,  ont  etE  caracter i sees  des  points  de  vue  propriEtes  mecaniques  et  balistiques.  Ces  proper- 
gols se  distinguent  par  une  vitesse  de  combustion  ElevEe  (jusqu'3  35  rren/s)  pour  une  impulsion  specifique 
en  moteurs  de  40  kg  maximum  voisine  de  233  s.  he  liant  silicone  confere  A ces  propergols  une  remarquable 
stability  des  proprietes  mecaniques  dans  un  large  domaine  de  temperature  -mais  ces  proprietEs  ne  sont  pas 
suffisanles  pour  permettre  d'utiliser  la  technique  du  "moule-col IE"-  La  tenue  en  ambiance  prolongee  A 
haute  temperature  (au  moins  130°C),liee  aux  proprietes  des  Hants  si  1 icones ,est  excellente. 

1 . INTRODUCTION 


Les  sililanes  sont  des  propergols  composites  A liant  silicone  utllisant  le  perchlorate 
d'ammonium  comme  charge  oxydante  et  1 'aluminium  coimne  charge  reductrice.  Ces  propergols  sont  obtenus  par  un 
procede  classique  de  fabrication  de  propergols  composites  : 

- melangeage  des  ingredients  dans  un  malaxeur.  Le  liant  est  introduit  sous  la  forme  d'un  prepolymere  liquide 
reticil  ible  A temperature  moderee.  Les  charges  sont  sous  forme  pulverulente . 

- coulee  dans  un  rooule  aux  dimensions  du  bloc  h realiser 

- cuisson  dans  une  Etuve. 

- demoulage  et  us  inage  du  bloc. 

Les  blocs  obtenus  peuvent  etre,soit  "moules-col les"  si  I'inhibiteur  de  combustion  est  colle 
h l'enveloppe  (le  propul seur) ,ou  "libres"  si  cet  inhibiteur  est  uniquement  colle  au  bloc  propulsif.  Dans  le 
cas  des  sililanes  on  verra  que  les  proprietes  mecaniques  de  ces  compositions  n'ont  pas  permis  de  realiser  des 
blocs  "moules-col lEs". 

On  examiners  dans  la  suite  les  proprietes  mecaniques  (et  de  collage  sur  inhibiteur), 
cinetiques  et  Energetiques  de  ces  compositions. 

2 • ES2EEIIIES.5E26EI21IS5.. 


On  s'est  efforcE  de  determiner  les  proprietes  mecaniques  de  traction-al longement  de  ces 
propergols  ainsi  que  les  limites  de  tenue  en  relaxation  et  fluage. 

2 1 . Forme  de  la  courbe  de  traction 

Cette  courbe  est  obtenue  a 20* C sur  machine  INSTRON  a la  vitesse  de  ID  mm/ 8 pour  une 
eprouvette  1/2  Janaf.  (fig.  1) 

On  constate  une  rupture  de  pente  dEs  les  faibles  allongements  attribuable  aux  mauvaises 
proprietes  de  l'adhesion  liant-charge  de  ces  propergols.  En  effet,  des  un  allongementC  on  voit  apparaitre 
sur  1 'Eprouvette  de  norobreuses  fissures  qui  auraient  pour  origine  les  vides  crees  autour  de  chaque  grain 
de  perchlorate  au  cours  de  la  traction.  Ceci  a pu  etre  confirme  par  les  observations  suivantes  : 

- dechaussement  tres  facile  des  grains  de  perchlorate  en  surface  du  propergol  (au  simple  toucher) 

- des  roesures  de  variation  de  volume  au  cours  de  la  traction  faites  au  dilatometre  A gaz,  montrent  un 
accroi ssement  rapide  du  volume  de  1 'Eprouvette  jusqi'afc  suivi  d'une  chute  instantanEe  i V • 0 
(penet rat  ion  du  gaz  dans  les  fissures). 

Apres  t on  a la  propagation  de  ces  fissures  au  cours  de  la  traction,  et  le  materiau  a 
subi  des  dommages  i rrEvefs ib les . 

Du  point  de  vue  pratique  les  valeurs  et  E n'Etant  pas  faciles  a determiner  on  repere 
les  proprietEs  du  propergol  par  : 

Sm  : valeur  de  la  contrainte  maximale  en  gEneral  ~ 2 S 

a 

£ : al longement  "Elastique" 

em  : al  longement  h traction  maximale  (avec  environ  emrlOE). 

Ces  valeurs  evoluent  selon  la  formule  du  propergol  (croissance  du  module  lorsque  le  taux  de  charges  croit 
ou  que  le  taux  de  rEticulation  croit)  et  les  conditions  de  traction  (tempErature  et  vitesse  de  traction). 
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♦ Les  courbes  devolution  de  la  contrainte  maximum  et  de  1 ' al longement  correspondant  montrent  : 

- que  la  contrainte  maximum  croit  quand  la  temperature  s'abaisse.  Cependant  cette  croissance  reste  faible 
85  Z entre  ♦ 60  et  - 60  °C,  soit  3 4 A fois  moins  qu'un  autre  propergol  composite. 

- que  1 ' al longement  A la  contrainte  maximum  evolue  peu  dans  ce  meme  domaine  de  temperature,  puisque  toutes 
les  valeurs  se  situent  entre  27,5  et  35  Z.  Le  maximum  se  situant  A ~ 45  °C. 

23.  Influence  de  la  vites.se  dt  traction 


Les  resultats  (sur  une  composition  16/76/8)  confirment  les  valeurs  pr6cedentes A savoir 
que  les  propri6tes  m^caniques  dependent  peu  de  la  vitesse  de  traction.  Traction  INSTRON  A ♦ 20°C 
eprouvette  1/2  Janaf. 
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24 . Tenue  au  fluage  et  en  relaxation 


La  limite  de  tenue  en  fluage  est  obtenue  en  soumettant  des  eprouvettes,  A une  temperature 
fix6e,  a des  charges  constantes.  Ces  eprouvettes  sont  des  ”1/2  Janaf".  La  limite  est  la  valeur  de  la  charge 
pour  laquelle  au  bout  de  2 mois  aucune  eprouvette  ne  casse. 

De  meme  la  limite  de  tenue  en  relaxation  est  obtenue  en  soumettant  des  eprouvettes 
a un  al longement  constant.  Au  bout  de  2 mois  la  valeur  A partir  de  laquelle  aucune  eprouvette  n'est 
c as see  est  d£finie  eomme  la  "limite  de  relaxation". 

Pour  une  composition  22/62/16  ces  valeurs  sont  A 20  °C 

- limite  de  rupture  en  fluage  A bars 

- limite  de  tenue  en  relaxation  47,5  Z 

propriStes  mecaniques  de  traction  allongement  de  ce  propergol  ; 

Sm  • 7,7  bars  em  ■ 61  Z 


3.  VILILLISSEMENT 


Les  essais  effectues  montrent  l'excellente  tenue  A la  temperature  de  ces  propergols. 
31 . Tenue  A haute  temperature  (viei 1 1 issement  court) 

On  a realist  un  vieill issement  court  A 130°C  d'une  composition  sililane  16/76/8 
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On  note  une  diminution  des  a l longement s .accompagnee  d'une  augmentation  de  la  contrainte 
maximum,  mais  dans  des  proportions  trfcs  acceptables. 

32.  Vieilligsetnent  long 

Un  vieill issement  (sur  trois  ans)  a ete  realise  sur  la  composition  16/63/21.  Les  resultats 
sont  les  suivants  aux  differentes  temperatures.  Traction  Lhomargy  28  nsn/mn. 

A 20*C  la  contrainte  maximum  reste  stable  sur  la  p€riode  envisagee 
A 60*C  elle  augmente  constamment 

A100#C  elle  augmente  rapidement  pendant  un  mois  puis  decroft  lentement  pour  revenir  A sa  valeur  de  depart 
aprAs  18  mois 

En  ce  qui  concerne  1 'allongement  : 

A 20  et  60°C  il  reste  constant  sur  les  36  mois  6tudi6s 
A 100* C il  dScrott  lentement  ; 50  Z en  18  mois 

Ce  comportement  pourrait  s'expliquer  par  un  phenomena  de  surrAticulation  rapide  A 100#C,  et  plus  lente  A 60*C. 
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temps  en  mois 


36 


19 


: Viei l 1 i sscment  d'une  sililane  16/63/21  Evolution  de  em  1 diff«rentes  temperatures 


15-5 


4.  INHIRAGE 


Lcs  premiers  tirs  de  sililane  en  blocs  libres  Mimosa (fclocs  de  3 kg),  diametre  90  nin, 
longueur  300  mm,  se  sont  accompagn^s  de  plusieurs  anomalies  de  pression.  II  s'agissait  de  l'existence  d'une 
surpression  apparaissant  vers  le  tiers  ou  le  quart  du  temps  de  combustion  normal. 

Lforigine  de  ces  incidents  a pu  etre  attribute  A l’existence  d'un  jeu  trop  important 
entre  bloc  et  propulseur  pouvant  conduire  A des  dechirements  en  fond  de  dent  lors  de  la  mise  en  pression, 
grace  A des  essais  de  mise  en  pression  de  rondel le*,et  a des  tirs  oO  ce  jeu  a 6te  elimine  par  un  garnissage 
de  resine  ou  un  surbobinage  du  bloc  par  un  ruban  adhesif. 

Dans  ces  conditions  nous  n'avons  observe  aucun  tir  defectueux  durant  toute  l'£tude. 

Ce  comportement  paraft  lie  A la  faible  valeur  de€  des  compositions  sililanes  et  paraft  exclure  la  possi- 
bility de  fabriquer  des  blocs  moules-col les . En  effet  les  contraintes  auxquelles  est  soumise  le  propergol 
dans  ces  blocs  engendreraient  des  fissures  et  done  des  incidents  au  cours  du  tir. 

5.  P8og5iSIis.Sftaai8BIS—« 

5 l . Vitesse  de  combustion 

511.  Influence  du^taux  de^charge 

L'ensemble  des  resultats  a §t£  reporte  sur  la  figure  5 sous  la  forme  d'un  diagramme 
ternaire  ou  les  courbes  tracees  sont  les  courbes  d'isovitesse  A 70  bars.  On  note 
1' importance  du  taux  de  liant  sur  la  vitesse.  Celle-ci  croit  lorsque  le  taux  de 
liant  diminue. 


Figure  5 : VITESSE  DE  COMBUSTION  DES  SILILANES  A 70  BARS  (blocs  de  3 kg;  ©n  cm/s 
Influence  de  la  composition 

512.  tajEluence  de_la  £ression_ 

La  courbe  de  vi tease-press  ion  a 6t£  trac£e  au  Strand  Burner  pour  la  composition  14/64/22 
L'exposant  de  pression  de  la  loi  V - apn  est  de  0,25  entre  20  et  100  bars. 

Cette  meme  courbe  a 6t£  obtenue  pour  la  composition  16/76/8  A partir  de  resultats  de 
tirs  de  bloc  mimosa  de  diamdtre  90  mm,  longueur  300  mm.  L'exposant  de  pression  entre 
50  et  150  bars  est  de  0,37  (fig.  6). 

La  courbe  a pu  etre  tracte  entre  7,5  et  144  bars  sans  probldme  d'allumage. 
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Figure  6 : VITESSE  DE  COMBUSTION  D'UNE  SILILANE  16/76/8  EN  BLOCS  DE  3 KG 
Influence  de  la  pression  et  de  la  temperature 


513.  Ca  ta ily seur  de  comb us t i on 

Aucun  des  produits  essaye  n'a  eu  d'influence  sur  la  vitesse  de  combustion. 


514.  .Influence  de_la  £emp6rature  _ 

La  courbe  devolution  de  la  vitesse  en  fonction  de  la  pression  a egalement  ete  etablie 
d ♦ 60  C et  - 36  *C  pour  la  composition  16/76/8.  La  comparaison  de  ces  courbes  avec  celle 
obtenue  il  20*C  permet  de  calculer  le  coefficient  de  temperature  (fig.  6) . 

II  est  de  0,00168  °C_!  a serrage  92  correspondant  a une  pression  de  tir  de  70  bars  & 20°C. 

II  eBt  de  0,0018  "C  ^ serrage  70  (47  bars  3i  20°C) 

II  est  de  0,0016  WC  k serrage  118  (105  bars  d 40°C) 

52 . Impulsion  specifique 

Les  impulsions  specifiques  standard  pratiques  ont  Ste  mesur£es  sur  blocs  Mimosa  0 90  mm, 
longueur  300  am.  L’ ensemble  des  resultats  a permis  de  tracer  sur  le  diagramme  ternaire  : liant,  perchlorate 
d'ammonium,  aluminium,  les  courbes  d ' isoimpulsion  (fig.  7). 

Tout  comae  les  courbes  d ' isovi tesse , les  courbes  d * isoimpul sion  sont  grossierement  paralleles 
aux  droites  de  meme  taux  de  liant.  L* impulsion  maximum  sera  done  d#finie  par  les  criteres  de  f abricabi li te 
Ainsi,  en  limite  de  fabricabi 1 ite,  1' impulsion  maximum  eat  obtenue  pour  la  composition  16/76/8  avec  229,1 
secondes  d* impulsion  spfeif  ique  70/1 . 

La  correlation  habituelle  entre  Mimosa  de  oiametre  90  mm,  longueur  300  ran  et  Mimosa  de 
diamltre  203  ran  (blocs  de  40  kg),  longueur  1000  ran,  permet  d'avancer  avec  ce  dernier  une  impulsion  specifique 
pratique  de  l'ordre  de  233  secondes  pour  la  composition  16/76/8  dans  les  conditions  standard  (on  lvalue  a 
17  secondes  le  gain  d'impulsion  obtenu  pour  un  tir  4 150  bars  et  22  secondes  pour  200  bars). 
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Figure  7 : IMPULSION  SPECIFIQUE  DES  SILILANES  (70/1)  en  blocs  de  3 kg 

Influence  de  la  composition 

6.  COKLUSlUti.. 

Un  nouveau  type  de  propergol  utilisable  en  bloc  libre  a pu  etre  mis  au  point  avec  les 
proprietes  suivantes  : 

- une  resistance  au  s6jour  a haute  temperature  (130  *C) 

- des  proprietes  mecaniques  stables  dans  une  large  plage  de  temperature  (-  60#C,  ♦ 60°C) 

- un  bon  viei 1 1 i ssement 

- des  vitesses  de  combustion  eievees 

- une  impulsion  specifique  moyenne  variable  en  fonction  du  taux  de  liant. 
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PROPERGOLS  A FORTE  IMPULSION  SPECIFIQUE  ATTENUANT  PEU  LES  ONDES  RAD IOELECTR IQUES 


G.  PRICENT  Ingenieur  de  recherche 

Chef  de  programme  des  Etudes  de  propergols  transparents  aux  ondes  radioelectr iques 
SN  PE  Centre  de  Recherches  du  Bouchct  9 J 7 1 0 VERT  LE  PETIT 


Cet  expose  a pour  but  de  presenter,  plus  particulierement,  des  resultats 
exper imentaux  obtenus  lors  d'essais,  sous  vide  en  caisson  (ou  soufflerie)  ou  A l'air 
libre,  pour  determiner  les  proprietes  balistiques  de  propergols  telles  que  1 1 impulsion 
specifique  ou  la  vitesse  de  combustion  et  caracteriser  ces  memos  compositions  du  point 
de  vue  attenuation  radar  hautes  frequences  10  GHz  par  des  mesures  d * at tenua t ion 
t ransver sales  ou  diagonales.  Les  chargements  de  missiles  tactiques  effectues  avec 
ces  propergols  necessitent  de  connaitre  les  proprietes  mecaniques  de  ces  propergols. 
Quelques  resultats  sont  presentes  et  permettent  de  juger  de  l'influence  des  additifs 
an.  i-attenuants  indispensables  sur  des  proprietes  mecaniques  Sm , era  et  er  (Annexe  A) 
de  ces  propergols.  Outre  les  compositions  A 82  Z d'oxydant,  quelques  resultats  sont 
presentes  sur  une  composition  A 89  Z d'oxydant  dont  15  Z d'octogene,  I’objectif 
recherche  etant  la  discretion  dans  le  visible  de  ce  type  de  compositions. 


Int  roduc  t i on 

La  mise  au  point  de  propergols  pour  le  chargement  du  missile  MASURCA 
a conduit,  il  y a dix  ans , la  direction  des  Poudres  A s ' interesser  A la  trans- 
parence du  jet  d'un  propulseur  aux  ondes  radar  hautes  frequences.  Lorsque  l'illumi- 
nateur  de  la  cible  est  un  radar  continu,  les  missiles  equipes  d'un  au t od i r e c t e ur 
semi-act i f ont  besoin,  pour  mesurer  la  frequence  Doppler  A bord  de  l'engin,  d 'une 
reference.  Dans  ce  cas  un  recepteur  auxiliaire  capte  par  1 ' i n t e rmed i a i r e d'une  an- 
tenne  placee  A 1'arriAre  des  missiles  le  rayonnement  direct  provenant  du  radar 
i 1 1 umi  na  teur  . Les  ondes  e 1 ec  t romagne  t iq  ue  s issues  de  cjp  radar  en  traversant  le  jet 
subissent  une  attenuation  definie  par  - - 8,686  (1) 


UJ : frequence  du  signal  radar  (rd/s) 
c : vitesse  de  la  lumiAre  (m/s) 

JJf  : indice  d' extinction  du  milieu  de  propagation 


^ : coefficient  d ' a t t enua t i on  (dB/ml 

Dans  la  forme  la  plus  generale  l’indice  2>  a pour  expression  : 


(2) 

(3) 


L ' 

* 


attenuation  est,  en  particulier,  dependants  selon  ( ZJ 
e?  de  la  frequence  de  collision  electron  neutresV 


et  (3)  de  la  densite  eiectronique 
Dans  un  jet  de  propulseur  il 


y a er.  general  une  decroissance  de  la  pression  sur  I'axe  A partir  du  plan  de  sortie  de 
tuyere  et  la  densite  eiectronique  sur  i'axe  depend  fortement  de  ce  gradient  de  pression. 


Dans  certains  cas,  selon  la  composition  du  melange  gazeux  issu  de  la  combustion  du  pro- 
pergol  il  existe  une  zone  annulaire  dans  laquelle  des  gaz  reducteurs  du  melange  rebrulent 
avec  l'oxygene  de  l'air  et  creent  un  phenomAne  appele  pos t -combus t i on . L'elevation  de 
temperature  resultante  provoque  un  acc ro i s sement  de  la  densite  eiectronique  done  de  la 
valeur  d ' a t t enua t i on . 


De  nombreux  auteurs  ont  propose  des  modAles  theor iques  pour  expliquer  et  interpreter 
la  post-combustion  qui  est  la  cause  principale  de  1 'attenuation. 
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A la  SNPE  des  Etudes  sont  effectuees  depuis  plusieurs  annees  pour  : 

- mesurer  1 'attenuation  de  I'onde  A 1 ec t romagnA t i que  dans  le  jet 

- caractAriser  et  comparer  les  compositions  de  propergols  composites  peu  at  tenuant  s . 
Chronologiquement , les  premieres  compositions  de  propergols  Atudiees  pour  resoud*e  ce  type  de  probleme 
utilisaient  un  liant  polyurethanne  avec  un  taux  d'oxydant,  genera  1 ement  du  perchlorate  d 'amnion i aque , 
compris  entre  75  et  82  Z.  Les  rAsultats  expAr imentaux  montraient  que  l 'attenuation  minimum  etait 
obtenue  pour  une  composition  & 75  Z d'oxydant  (isolite  30).  L' industrial isat ion  d'une  composition 
voisine  a constitue  1 'etape  pour  la  definition  du  chargement  de  1 'Atage  croisieie  du  missile 
Masurca.  L' amelioration  des  performances  balistiques  s'est  poursuivie  par  1 ' ut i 1 i sat  ion  de  liant 
polybutadiene,  mo  ins  oxygenA.  L'obtention  d'un  equivalent  en  oxygAne  pour  la  composition  de  propergol, 
necessite  un  taux  d'oxydant  supArieur  A 75  Z.  Cette  consequence  a conduit  A la  formulation  de 
propergol  a 82  Z de  CIO^NH^  (butalite)  puis  1 ' augmentat ion  simultanee  du  taux  d'oxydant  et  eventue 1 lement 
du  taux  d'octogene  dans  la  composition  n'a  eu  ensuite  pour  but  que  1 'amelioration  des  proprietes 

bal i st iques . 

2 • EE2EE5S2!;2.2mit65E-6-§Ll-2E-EE5£Hi2S4IE-2liffiS!iii25iE— 

La  composition  de  depart  etait  A 18  Z de  liant  polybutadi Ane . Compte-tenu  des  travaux 
effectues  aux  USA  par  LD  Smoot  [lj  et  son  equipe  nous  avons  etudie  1' influence  des  faibles  taux 
d'aluminium  0,5  ; 2 et  4 Z incorpores  dans  un  propergol  (butalane)  A taux  d'oxydant  constant  82  Z 
sur  les  proprietes  balistiques  et  mecaniques  et  sur  les  valeurs  du  coefficient  d 'at tenuat ion  de  ces 
compositions . 

2 1 . General ites 

L' incorporation  d'aluminium,  A faible  taux,  dans  une  composition  A 82  Z de  CIO^NH^ 
presente  trois  avantages  : 

- augmenter  1' impulsion  specif ique 

- augmenter  la  densite  du  propergol 

- augmenter  la  charge  de  la  composition  done  diminuer  les  valeurs  du  coefficient  d ' at tenuat ion 

et  des  inconvenients  dont  le  principal  est  la  diminution  du  taux  de  transmission  dans  le  visible 
et  le  proche  infra-rouge  d'un  signal  lumineux  A travers  le  jet. 

22.  Caracterist iques  theoriques  des  compositions  A 82  Z de  CIO^NH^ 

221.  ta£uls ion  s^pecHju^e^  t_emper£tur£  d^e_combu£t j_on 

2211.  Calcul s_ 

A partir  des  donnees  sur  le  propergol  telle  que  son  enthalpie  de  formation 
et  sa  composition  atomique,  et  connaissant  la  pression  de  fonct ionnement  du 
moteur,  les  calculs  sur  la  detente  des  gaz  dans  la  tuyere  peuvent  s'effec- 
tuer  suivant  deux  hypotheses  soit  en  supposant  la  composition  du  melange  gazeux 
constant  et  egale  A celle  dans  la  chambre  (detente  figee)  soit  en  recalculant 
cette  composition  dans  chaque  section  de  tuyAre  (detente  en  equilibre). 

2212.  Results t s 

La  figure  1 presente  les  resultats  de  calcul  de  1' impulsion  specif ique  (Isp) 
en  fonc.tion  du  taux  d'aluminium  dans  les  deux  hypotheses  formulas  ci-dessus. 

Les  valeurs  obtenues  montrent  que  l'Isp  en  detente  figee  est  inferieure  A 
l ' Isp  en  equilibre  ; l'Acart  entre  ces  deux  courbes  allant  croissant  quand 
le  taux  d'aluminium  augmente.  La  figure  2 presente  les  rAsultats  de  calculs 
de  l'Isp  et  de  la  temperature  de  combustion  en  fonction  du  taux  de  perchlo- 
rate d 'anmoniaque  dans  1'hypothAse  de  la  detente  figee. 

Les  valeurs  obtenues  montrent  1 'accroi ssement  de  l'Isp  avec  le  taux  d'oxydant 
tant  que  le  taux  de  liant  reste  superieur  A 10  Z.  On  observe,  la  meme 
evolution  pour  la  temperatue  Tc. 

Notons  dans  cette  figure  que  la  composition  A 82  Z de  perchlorate  possAde  une 
Isp  (70/1)  de  234,8  s et  une  Tc  de  2600  °K. 
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222.  Pouvoir  reducteur 


2221.  D^f ini t ^on_ 

Si  l'on  admet  le  processus  suivant  : 

post-combustion  ■■  ■ ^ionisation  accrue  > attenuation  augmentee 

il  apparait  important  de  connaTtre  les  causes  de  la  post-combustion  pour  expliquer 
les  consequences  sur  les  valeurs  de  1 'attenuation. 

11  est  interessant  pour  cela  de  definir  le  pouvoir  reducteur  du  melange  gazeux 
produit  par  la  combustion  du  propergol . Ce  peut  etre  : 

p ZC0  * ZH2 


z 

Z est  le  nombre  total  de  moles  dans  le  plan  de  sortie  de  la  tilydre  calculee  pour 
une  detente  en  equilibre. 

2222 . Rggul tats 

La  figure  3 presente  les  valeurs  calcul€es  de  P pour  des  compositions  de  82  Z 
de  perchlorate  et  A faible  pourcent  d ' aluminium. 

Entre  0 et  4 Z d'aluminium  P d£croit  de  37  A 27  Z. 

Ces  resultats  peuvent  etre  rapproch€s  de  ceux  que  nous  verrons  plus  loin  et  per- 
mettront  de  montrer  la  relation  existant  entre  pouvoir  reducteur  et  attenuation. 


23.  PropriStes  balistiques 


231.  Impulsion  specif ique  standard  mesuree  (Isms) 


2311. 

L'Isms  est  un  parametre  balistique  caracterist ique  du  propergol  obtenu  apres  mesure 
d'une  integrate  de  pouss£e  et  d'un  poids  de  poudre  brulee. 

Au  banc  fixe,  le  raoteur  standard  type  utilise  un  bloc  de  propergol  etoile  de 
diam£tre  203  nxn  et  de  longueur  1000  mm. 

Pour  des  raisons  de  commodites,  il  est  aussi  employ^  un  autre  moteur  standard 
utilisant  un  bloc  de  propergol  €toil€  de  diamdtre  90  mm  et  de  longueur  300  mm. 

Par  type  de  composition  il  existe  des  correlations  entre  les  diff£rentes  Isms 
obtenues  & l'aide  de  ces  deux  moteurs. 

Quel  que  soit  le  moteur,  la  pression  de  fonct ionnement  doit  etre  de  70  bars  et 
la  pression  dans  le  plan  de  sortie  de  la  tuydre  egale  A 1 bar.  Les  essais  s'effec- 
tuent  toujours  dans  des  conditions  voisines  de  celles  indiquees  ci-dessus  et  des 
corrections  doivent  etre  effectuees  sur  la  valeur  de  l'impulsion  calculee.  Le  rapport 
des  aires  utilise  pour  ce  type  de  composition  est  constant  et  egal  A 8,02  : 

£ m _A 8 
At 


As  aire  de  sortie  de  tuydre 
At  aire  du  col 

Cette  valeur  correspond  dans  le  graphique  theorique  (Cp,  £ ) au  maximum  du  Cp 

lorsque  la  pression  de  fonct ionnement  du  moteur  est  de  70  bars  (Annexe  B) . 


2312.  Resultats 

La  figure  4 donne  Involution  de  l' Isms  en  fonct ion  du  taux  d'aluminium  pour  un 
taux  de  perchlorate  fix€. 

Il  existe  un  palier  peu  significatif  tant  que  le  taux  d'aluminium  reate  inf€rieur 
& 0,5  Z.  Au-delA  l'Isms  crott  rlguliirement  avec  ce  taux  d'aluminium.  Les  courbes 
en  pointings  rappel  lent  les  valeurs  th£oriques  de  la  fig.l  et  permettent  de  les 
comparer  aux  valeurs  explrimentales  obtenues  1 l'aide  d'un  moteur  de  diamdtre203. 


232. Vitesse  de  combustion 


La  figure  3 donne  des  valeurs  de  vitesses  de  combustion  A 33  bars  de  ces  compositions. 
L'accroi ssement  de  vitesse  pour  des  compositions  dans  lesquelles  ne  varie  que  le  taux 
d'aiuminium  est  de  27  X quand  ce  taux  passe  de  0 i 4 Z. 

On  a port#  sur  le  graphique  des  valeurs  de  vitesse  obtenues  avec  des  compositions 
utilisant  des  additifs  ant i-attAnuat ion  (A  et  B) . Ils  accroissent  la  vitesse  des  com- 
positions d'autant  plus  que  le  taux  d'aiuminium  croft. 

24.  ProorjAtAs  mecaniques 

Les  propriAtes  mecaniques  A 20*  de  ces  propergols  sont  donnees  au  tableau  de  la  figure  6. 

L' introduction  d'additifs  ant i-at tAnuat ion  prAsente  1 ' inconvenient  de  dAteriorer  les  proprietes  mecaniques 
du  produit  fini.  MalgrA  cela  nous  n'avons  AprouvA  aucune  difficult#  pour  effectuer  avec  ce  type  de  composi- 
tions des  chargements  moules-col les . 


23.  Attenuation  radar 


251 .Rappel 

Selon  Jensen  et  Webb  post-combustion  apparait  s'il  y a formation  de  radicaux  H et  OH 

en  excAs.  Certains  metaux  presentent  la  particulari te  d'accAlArer  les  processus  de  recombi- 
naison  des  radicaux  actifs  tel  qu'H  et  OH  empechant  aussi  1'appariti^n  de  la  post-combust ion 
L'interet  est  done  d'incorporer  dans  les  compositions  de  propergols  des  additifs  metal liques 
qui  jouent  le  role  de  catalyseur  de  recombinaison  des  radicaux  H et  OH. 


252 .Modena 

Les  montages  expAr i men taux  C3]  pour  mesurer  1 'attenuation  radar  dans  les  jets  sont  : 

- un  banc  mobile  utilisant  un  rnoteur  de  diametre  90  cm  dans  un  caisson  de  100  m3.  Un  tir 
effectue  dans  le  caisson  perroet  d'obtenir  les  courbes  d ' at tenuat i on  en  fonction  du  temps, 
en  differents  points  du  jet. 

- un  banc  mobile  utilisant  un  rnoteur  de  diametre  203  A l'air  libre.  Un  tir  effectuA  sur  ce  banc 
permet  d'obtenir  les  valeurs  d 'attenuation  uniquement  sur  l'axe  du  jet. 

Les  compositions  presentees  dans  ce  texte  ont  des  niveaux  d ' attenuat ion  trAs  faibles  et  les 
i tirs  effectues  dans  le  caisson  donnent  des  grandeurs  mesurables  A la  limite  de  detectabilite 

' des  capteurs.  Cette  installation  permet  d'obtenir  des  diametres  du  jet  plus  importants  et 

f des  niveaux  d ' attenuation  plus  sieves. 

- une  installation  utilisant  un  rnoteur  horizontal  tournant  autour  d'un  axe  vertical  permet 
d'obtenir  des  valeurs  d 'attenuation  diagonales  dans  le  jet. 

- une  installation  utilisant  les  veines  de  souffleries  de  l'ONERA  a Modane  nous  permet 
d'obtenir  des  valeurs  d'attAnuation  transversales  dans  un  jet  de  propulseur  pour  un 
missile  en  mouvement. 

| 253.  Resultats^ 

La  figure  7 presente  le  rAsultat  de  2 tirs  dans  le  caisson  de  simulation  d'altitude  (CSA) . 

La  composition  AtudiAe  est  une  butalane  82/2.  La  pression  de  depart  dans  le  caisson  est 
dans  les  deux  cas  Agale  3 520  ran  de  Hg.  En  fin  de  tir  elle  a 720  mm  Hg.  Les  courbes  en 
pointill£s  se  rapportent  au  tir  de  la  composition  sans  additif.  Les  courbes  en  trait 
continu  conconent  le  tir  de  la  composition  avec  additif.  Les  courbes  1 et  2 se  rapportent 
aux  valeurs  d 'attenuation  en  fonction  du  temps.  Les  courbes  3 et  4 se  rapportent  aux 
valeurs  de  pression  de  fonct ionnement  du  rnoteur  en  fonction  du  temps.  Les  courbes  5 et  6 
rAprAsentent  le  mouvement  pendulaire  du  rnoteur  en  fonction  du  temps. 

Nous  concluons  au  vu  des  formes  des  courbes  I et  2 du  mode  opAratoire  du  depoui 1 lementpj 
) A 1’intAret  de  1 'additif  anti-attenuant  dans  la  butalane  82/2.  La  figure  8 presente  des 

rAsultats  identiques  et  permet  dans  le  cas  de  la  butalane  82/4  de  conclure  A une  plus 
grande  efficacitA  de  1 'additif  A par  rapport  A 1 'additif  B.  Les  figures  9 et  10  presentent 
, chacune  respect ivement  3 courbes  : 

- attenuation  en  fonction  du  temps 

- pression  de  fonct ionnement  des  propulseurs  en  fonction  du  temps 

- poussee  du  propulseur  en  fonction  du  temps 

Une  butalane  82/4  possAde  un  niveau  d'attAnuation  moyen  de  0,8  dB  (fig.  9),  la  meme 
composit&on  avec  additif  tirAe  dans  des  conditions  identiques  a un  niveau  d 'at tAnuation 
de  0,15  dB  (fig.  10). 

Le  tableau  de  la  figure  II  prAsente  des  rAsultats  obtenus  par  des  tirs  avec  mesures  de 
1 'attenuation  diagonale.  C'est  1 'experience  se  rapprochant  le  plus  prAs  de  l'essai  sur 
missile  rAel  mais  c'est  Agalement  la  plus  chere  A mettre  en  oeuvre.  On  constate  A taux 
d 'additif  constant  et  pour  des  pressions  de  fonct ionnement  voiaines,  que  1 'at tAnuat ion 
esc  maximum  entre  0 et  2 X d'aiuminium  et  dAcroTt  ensuite  quand  ce  taux  augmente. 

On  juge  Agalement  de  1'intAret  des  additifs  en  comparant  les  valeurs  d ' at tAnuat ion  de  la 
butalane  avec  A ou  B. 

La  dAcroissance  de  1 'at tAnuat ion  quand  le  taux  d'aiuminium  augmente  est  en  relation 
avec  la  dAcroissance  du  pouvoir  rAducteur  du  mAlange  gazeux  issu  de  la  combustion.  On 
observe  cette  dAcroissance  sur  des  mesures  effectuAes  en  transversales.  PrAalablement 
1 il  est  nAcessaire  de  corriger  les  valeurs  obtenues  au  cours  du  tir.  Pour  obtenir 

a on  divise  les  valeurs  A d ' at tAnuat ion  par  le  diamAtre  Da  en  ran  du  plan  de  sortie 
tuyAre  et  on  corrige  les  valeurs  obtenues  dans  le  rapport  des  dAbits,  en  prenant  une 
des  compositions  conane  rAfArence. 
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Le  tableau  de  la  fig.  12  donne  les  valeurs  a obtenues  come  indiquees  ci-dessus,  pour 
les  3 compositions  butalanes  il  0,5-2  et  4 Z d 'aluroinium  «»n  prenant  ranone  debit  de  refe- 
rence celui  de  la  butalane  a 0,5  Z d 'aluminium. 

On  constate  que  le  minimum  d'att£nuat ion  se  situe  au-deld  de  4 Z d'aluminium  dans 
la  composition  A 82  Z d'oxydant. 

26.  Correlation  experience  theorique 

Paral leiement  aux  experiences  effectuees  sur  ce  type  de  composition  la  mise  au  point  de 
pr>granmes  de  calcul  permet  actuellement  de  predire  le  niveau  d 'attenuation  (fig.  13).  Tous  les  programmes 
de  calcul  de  concentration  eiectronique  puis  d ’attenuat ion  dans  les  jets  admettent  des  hypotheses  simpli- 
f icat  rices . 


Le  melange  des  gaz  de  combustion  avec  l'air  ambiant  depend  des  valeurs  donnees  aux  coef- 
ficients de  transfer!  tels  que  nombre  de  Schmidt  (CjfU/k)  et  nombre  de  Prandlt  (yll/£D)  qui  dependent  de  la 
viscosite^l  du  melange  gazeux  resultant  done  du  modele  retenu  a priori  compte-tenu  de  la  temperature  et 
de  la  composition  du  milieu.  L'Scart  entre  les  maxima  observes  sur  la  fig.  13  est  en  partie  du  au  mauvais 
choix  de  valeur  de  ces  coefficients. 


On  a pu  constater  par  calcul  que  le  taux  d'alcalins  (Na,  K)  modifiait  cons iderab lement 
les  niveaux  d 'attenuation  maximum  dans  un  jet.  Pour  une  butalane  A 4 Z d'aluminium  et  18  Z de  liant 
1 'attenuation  maximum  passe  de  0,02  dB  a I dB  quand  les  impuretes  en  K passe  de  0 A 400  ppm  dans  la 
composition  du  propergol. 

La  connaissance  de  ces  valeurs  entraine  les  actions  suivantes  : 

- en  ce  qui  concerne  les  compositions,  diminuer  le  taux  d' impuretes  alcalines  dans  les  constituants  du  propergol 
et  plus  part icul ifcrement  dans  l'oxydant, 

- en  ce  qui  concerne  l'agencement  du  moteur,  utiliser  des  composants  (liner,  protection  thermique,  tube  de  flamme) 
possedant  de  faibles  taux  en  alcalins. 

Cette  deuxidme  action  est  d'autant  plus  n€cessaire  que  la  destruction  par  combustion  ou 
ablation  de  ces  produits  pendant  les  essais  et  pendant  les  tirs  reels  est  importante  et  risque  de  rendre  inope- 
rantes  les  dispositions  prises  au  niveau  de  la  formulation  du  propergol. 
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31 . G6n$ral i tes 

D'apres  Smoot  C8j  ^ d'apres  les  quelques  experiences  que  nous  avons  effectuees  dans  ce  domaine 
nous  savons  que  1 'attenuation  diminue  avec  le  taux  de  charge  et  qu'a  taux  de  charge  constant  1 'attenuation 
augment e avec  le  taux  d'aluminium. 

En  vertu  de  ces  deux  constatat ions  il  est  possible  de  formuler  des  compositions  plus  energe- 
tiques  que  les  butalites  A 82  Z de  ClO.NH^  et  att£nuant  moins.  Notre  recherche  a porte  sur  des  compositions 
A plus  de  88  Z en  taux  de  charge  dans  Tesquelles  on  a en  plus  substitu€  le  perchlorate  par  de  I'octogene  (15Z). 
Pour  des  raisons  de  fabricabi lite,  toutes  ces  compositions  utilisent  un  liant  A base  de  PBHT.  Ces  compositions 
pr£sentent  en  outre  l'avantage  de  donner  tres  peu  de  solides  dans  les  gaz  de  combustion.  Ellssont  du  type 
"primarly  smokeless". 

La  figure  2 indique  que  les  butalites  & II  Z de  liant  possddent  une  Isp  70/1  theorique  figee 
de  243  s et  une  temperature  T*K  de  3080°.  Une  butalite  A meme  taux  d'oxydant  dont  15  Z d'oetogene  possede  une 
Isp  (70/1)  theorique  figee  de  246,5s  et  une  temperature  de  combustion  identique  A la  precedente.  L'evaluation 
pour  ces  deux  compositions  de  1' indice  de  performance  Isp  x^donne  respect ivement  421,8  pour  la  butalite  et 
426,7  pour  la  butalite  A I'octogene. 

32.  Isms  et  vitesse  de  combustion 


321.  Vitesse  de  combustion 

L'ut i 1 i sat  ion  du  liant  PBHT  A la  place  du  liant  PBCT  a eu  pour  consequence  d'abaisser 
la  vitesse  de  combustion  d 70  bars  d'environ  20  Z.  C'est  ainsi  que  les  valeurs  obtenues 
en  Strand  Burner  pour  une  butalite  88  passe  de  11,7  mn/s  A 9,3  mm/s  et  pour  une  butalite 
89  de  12,3  mn/s  A 9,3  mm/s. 

Des  mesures  de  vitesse  de  combustion  effectuees  sur  deux  compositions,  1 'une  avec  un 
liant  PBCT,  1 'autre  avec  un  liant  PBHT,  contenant  toutes  deux  un  acc£16rateur  de  combustion 
tel  que  le  chromite  de  cuivre  montrent  que  l'effet  signale  ci-dessus  n'est  pluvrai. 

Pour  la  composition  covenant  15  Z d'octogdne  les  essais  sur  blocs  fournissent  la  valeur 
9,7  mm/s  A 70  bars  (fig.  14).  D'une  maniere  generale  l'octogdne  A granul omet r i e identique 
ou  voisine  de  celle  de  CIO  NH^  a tendance  en  absence  de  l'aluminium  A abaisser  la  vitesse 
de  combustion  du  propergol. 
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322.  Impulsion  £pecif£que_standard  mesuree 

En  petits  blocs  (0  90  L - 300  ran)  la  composition  4 89  Z d'oxydant  dont  15  Z d'octogene 
possede  une  Isms  de  238,1  s ce  qui  equivaut  en  gros  bloc  (0  203  L - 1000  mm)  4 une 
Isms  de  243,1  s. 

Rappelons  qu'une  butalite  4 89  Z de  CIO^NH,  possede  une  Isms  en  gros  bloc  de  240  s.  On  peut 
remarquer  que  les  hearts  theoriques  et  experimentaux  sont  identiques  : 3 8 (la  theorie 
donne  243,2  et  264,4  pour  les  compositions  ci-dessus). 

33.  Propri6t4s  mecaniques 

Apr4s  avoir  effectuy  une  cuisson  en  14  j 4 50°C  les  proprietes  mecaniques  permettent  de 
constater  qu'avec  le  liant  PBtfT  Sm  crolt  et  em  decroit  quand  on  augmente  le  taux  de  charge  de  88  4 90  Z. 

Ces  variations  de  Sm  et  de  em  sont  identiques  quand  le  taux  d'octog4ne  augmente  (fig.  13). 

34.  Attenuation  radar 


Les  premiers  es«ais  effectues  en  utilisant  des  petits  blocs  donnent  des  resultats  tels  que  les 
valeurs  transversales  d 'attenuation  restent  inferieures  4 la  limite  de  detectability  des  capteurs  dans  la 
chatne  de  mesures,  qui  est  de  0,1  dB. 

4.  DISCRETION  DANS  LE  VISIBLE 


La  presence  d'aluminium  diminue  le  taux  de  transmission.  C'est  ainsi  que  0,5  Z d'aluminium 
fait  descendre  i de  100  4 30,2  Z.  De  meme  que  1 'augmentation  du  taux  de  charge  parait  diminuer  la  transmission 
cf  82/0.5  et  85/0.5  de  la  fig.  14. 


5.  CONCLUSION 


II  est  possible  de  fabriquer  des  propergols  impulsifs  et  relativement  transparents  aux  ondes 
electromagnetiques.  Accessui rement , on  trouve  dans  la  garnme  proposee  des  propergols  discrets  dans  le 
domaine  du  visible  et  du  proche  infra-rouge.  Par  rapport  aux  propergols  les  plus  performants  industrialisables , 
leur  densite  est  un  peu  faible.  Les  rysultats  auxquels  nous  aboutissons  et  le  cheminement  de  la  recherche  pour 
les  prochaines  annees  nous  conduit  4 esperer  avec  des  compositions  4 10  Z en  liant  d'atteindre  le  cap  des 
meilleures  Isp  actuelles  et  des  densites  voisines  de  1,78  g/cm3. 
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SUH1ARY 

Using  platinum  thin  film  gauges,  the  temporal  and  axial  distribution  of  heat  flux  from  two  different  types 
of  igniter  compositions  and  two  different  igniter  geometries  has  been  measured.  The  parameters  employed 
were  different  igniter  masses,  tube  lengths  and  nozzle  throat  diameters.  The  size  distribution  of  the 
particulate  matter  arising  due  to  combustion  of  pyrotechnic  materials  has  also  been  investigated  and 
deducations  have  been  made  regarding  its  contribution  towards  total  heat.  Whereas  radiation  plays  a 
relatively  insignificant  part  in  the  total  heat  transfer  process,  the  'point'  heat  flux  due  to  particulate 
heat  transfer  has  been  found  to  be  one  of  the  most  important  modes  of  heat  transport  during  an  igniter 
action  and  which  may,  in  fact,  be  responsible  for  the  first  appearance  of  ignition  flame  in  a solid 
propellant  rocket  motor. 


NOMENCLATURE 


A 

b 


P 


N 

n 

Q 


q 

8 


r 


area  of  the  conduit 

coefficient  of  burning 
specific  heat 

port  diameter 
crater  diameter 
particle  diameter 

heat  of  dissociation  of  cellulose  acetate 

heat  transfer  coefficient 
thermal  conductivity 
motor  length 
particle  mass 

total  nixnber  of  particles 
pressure  index 

total  heat  absorbed  by  the  motor  body 
heat  transfer  J/m2 
heat  flux,  W/m2 

rate  of  burning,  mm/s 
temperature  of  cellulose  acetate 

initial  particle  temperature 
particle  temperature  after  time,  t 
time 

axial  distance  from  igniter 
density  of  cellulose  acetate 

density  of  the  particle 


INTRODUCTION 

The  ignition  of  a solid  propellant  rocket  motor  is  achieved  by  the  transfer  of  thermal  energy  from  an 
igniter  to  the  propellant  surface.  The  pyrotechnic  type  of  igniter,  generally  a combination  of  finely 
divided  metallic  powders  intimately  mixed  with  an  inorganic  oxide,  is  sometimes  made  into  pellets  or 
granules  to  alter  its  burning  rate  characteristics  to  suit  various  ignition  requirements.  Todate,  data 
regarding  heat-transfer  from  igniters  is  extremely  meagre  with  the  result  that  rocket  designers  depend 
on  past  experience,  and  in  order  to  achieve  reliable  'first-time'  ignition,  tend  to  provide  an  over- 
sufficier.cy  of  the  thermal  impulse.  This  sometimes  results  in  the  fracture  of  the  propellant  grain  due 
to  the  sulden  pressure  rise  and  consequently  to  unpredictable  performance  or  even  failure  of  the  rocket 
motor  casing. 
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Recently  several  investigators  (refs.  1,2,  3,  4 and  5)  attempted  to  measure  the  heat-flux  from  Igniters 
to  the  sunrny  propellant  surface  using  various  types  of  igniter  compositions  and  varying  sizes  of  rocket 
motors.  However,  most  of  these  investigators  contented  themselves  with  the  measurement  of  convective 
heat  flux  assigning  it  to  be  the  dominant  mode  of  heat-transfer.  Only  two  Investigators  (Refs.  3,  5) 
attempted  to  measure  the  radiative  component,  and  none  has  considered  the  contribution  of  solid  particles 
to  the  heat  transport  from  igniter  to  the  propellant. 

The  following  work  was  undertaken  to  measure  the  heat  flux  in  a rocket  motor  and  its  variation  in  space 
and  time,  using  two  currently  employed  pyrotechnic  compositions,  and  to  study  in  particular  the  con- 
tribution of  particulate  matter  emitted  by  the  igniter  combustion  to  the  total  heat  transfer.  In 
addition,  the  effects  of  such  parameters  as  igniter  mass,  motor  length  and  motor  port  to  nozzle  throat 
area  ratios  on  heat  transfer  to  the  propellant  have  also  been  examined. 

EXPERIMENTAL  DETAILS 

To  measure  the  spatial  as  well  as  the  temporal  distribution  of  heat  flux  from  igniters,  two  separate  rigs 
were  designed  to  simulate  conditions  in  a rocket-motor.  One  rig  was  built  to  measure  the  distribution 
of  total  heat  flux  as  contributed  by  convection,  conduction  and  radiation  and  also  to  measure  the 
radiative  exponent  separately.  The  second  was  designed  to  measure  the  size  distribution  and  heat 
contribution  of  the  particulate  matter  emitted  during  igniter  action. 

Total  Heat  Flux  Rig 

This  consisted  of  a 0.30  m long  mild  steel  tube  which  was  extendable  to  0.45  or  0.60  meters  in  separate 
stages  (Fig.  1).  A cellulose  acetate  liner,  3 mn  thick,  was  used  to  simulate  the  thermal  properties  of 
the  propellant. 

Thin  platiman  film  heat  flux  gauges  (Fig.  2),  fabricated  in  the  laboratory,  were  used  to  measure  wall 
temperatures.  These  were  prepared  by  coating  of  Hanovia  Liquid  Bright  Platinum  Paint,  05-X,  on  round 
discs  of  pyrex  glass  of  similar  curvature  as  that  of  the  motor  conduit,  and  baking  them  at  720°C  in  a 
furnace  (ref.  6). 

The  heat  flux  was  calculated  using  Eq.  1,  based  on  one-dimensional  theory  of  heat-conduction  in  a semi- 
infinite slab  (refs.  7,  8). 

4 = £<*  HU  ♦ (*  W dx  (1) 

* * \ (t  - x)3/2 

The  errors  due  to  the  singularity  at  t = x were  reduced  by  using  a numerical  technique  described  by  Cook 
and  Felderman  (ref.  9). 

These  gauges  were  mounted  flush  along  the  conduit  at  positions  PI  and  P9  at  distances  from  the  igniter 
of  50,  100,  150,  200,  250,  350  and  530  mn  respectively.  During  a firing  the  platinum  film  gauge  output 
was  recorded  on  either  a 12-channel  U.V.  recorder  or  an  ampex  FR-1300  magnetic  analogue  tape  recorder 
via  a multi-channel  constant  current  generator.  The  recorded  data  was  digitized  using  an  M 16.2  analogue 
computer  and  processed  on  an  ICL  1903  digital  computer. 

To  record  the  chamber  pressure  a pressure  transducer  having  a response  time  of  better  than  lm  sec  was 
placed  facing  position  P3,  150  mm  from  the  igniter. 

In  order  to  study  the  effect  of  nozzle-throat  area  on  the  amount  of  heat  absorbed  by  the  motor  body, 
three  convergent  nozzles  with  port  to  throat  area  ratios  of  56,  20  and  10  were  employed. 

Measurement  of  Heat  Flux  due  to  Radiation 

For  the  measurement  of  thermal  radiation,  the  platinum  resistance  thermometers  were  modified  so  that  they 
could  act  as  radiometers.  The  gauge  surfaces  were  coated  with  a film  of  carbon  soot  less  than  2um  in 
thickness.  To  protect  the  carbon  film,  it  was  covered  with  a 2 mm  thick  glass  disc.  These  radiometers 
were  calibrated  using  a Spembly  carbon  tube  furnace.  During  a test,  these  gauges  were  receded  by  20  mm 
from  the  conduit  surface  and  a nitrogen  sweep  was  introduced  to  protect  their  surfaces  from  particulate 
depos i ts . 

Particul ate  Heat  Transfer  Rig 

This  rig  was  designed  to  obtain  the  size  distribution  of  particles  emanating  from  an  igniter,  both  in 
time  and  space,  inside  a rocket  motor.  The  principle  was  to  have  a narrow  slot  rotating  with  respect  to 

an  outer  liner  which  acted  as  a shutter  so  that  Igniter  particles  could  be  sampled  along  the  conduit 
(Fig.  3).  It  consisted  of  an  inner  rocket-motor  tube  0.3  meters  long  and  of  similar  dimensions  to  that 
of  the  total  heat  flux  rig.  A slot  4 mm  wide  and  220  mm  long  was  machined  on  its  top  side.  On  the 
outside  of  this  tube  a lead-bronze  concentric  cylinder  was  arranged  to  rotate  on  bearing  surfaces  formed 
at  either  end  of  the  tube.  Other  than  at  the  bearing  surfaces,  there  was  a gap  of  1.6  mm  between  the 
outer  rotating  cylinder  and  the  inner  stationery  rocket-tube. 

A cellulose  acetate  sheet  220  mm  x 245  urn  x 0.5  mm  thick  was  lined  inside  the  outer  cylinder  so  that  it 
rotated  with  the  outer  cylinder  and  effectively  reduced  the  gap  between  the  stationery  inner  and  the 
rotating  outer  cylinder  to  1.1  mm.  The  speed  of  revolution  of  the  concentric  cellulose  acetate  liner 
was  maintained  at  1360  revs/min.  At  this  speed  the  4 mm  wide  slot  gave  a scanning  time  of  44  ms  with  a 
resolution  of  0.5  ms.  After  the  firing,  the  CA  sheet  was  carefully  removed.  Firstly  the  deposited 
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f . 3_  Particulate  Heat  Transfer  Rig . 
(1)  Outer  rotating'  cylinder.  (?)  Inner 
motor  tube. 


particulate  matter  and  the  loose  particles  were  carefully  brushed  off  the  sheet  on  to  microscope  slides 
for  particle  sizing.  Secondly,  the  sheet  was  washed  and  dried.  The  craters  due  to  particle  impacts 
on  the  sheet  at  each  corresponding  gauge  position  were  counted  using  a Quantimet  720  Particle  Size 
Analyser.  The  size  distribution  of  loose  particles  was  matched  with  carter  sizes  to  find  a correspondence 
between  the  two. 

RESULTS  AND  DISCUSSION 


Properties  of  Igniter  Compositions 

The  pyrotechnic  materials  used  in  this  study  were  SR44  which  consisted  of  30*  boron,  70*  potassium  nitrate, 
and  SR371C  which  was  42*  magnesium,  50*  potassium  nitrate  and  8*  resin.  The  former  was  either  in  powder 

form,  the  majority  of  particles  being  less  then  4 pm  diameter  or  as  granules  having  an  average  diameter 
of  70C  um.  The  magnesium  composition  was  in  the  form  of  a coarse  powder  with  75*  of  the  particles  less 
than  10  pm. 

Heats  of  combustion  of  these  compositions  were  determined  using  a nitrogen-filled  bomb  calorimeter,  the 
average  values  are  listed  in  Table  1.  It  will  be  noticed  that  the  calorific  value  of  granulated  SR44 
was  found  to  be  consistently  less  than  that  of  the  finely  powdered  composition.  This  was  due  to  the 
incomplete  combustion  of  the  granules. 

Using  a strand  burner,  the  burning  rates  of  all  three  compositions  were  measured.  They  all  followed  the 
burning  rate  law 

r = bp"  (2) 

where  burning  rate,  r,  is  in  wn/sec  and  pressure,  p,  is  in  atmospheres.  The  values  of  burning  coefficient, 
b,  and  pressure  exponent,  n,  are  also  listed  in  Table  1. 


Composition 

Burning  rate 
coefficient 
b 

Burning  rate 
exponent 
n 

Heat  of 
Combustion 

SR44  granulated 

219.0 

0.68 

7540  x 10’J/Kg 

SR44  fine  power 

20.5 

0.27 

8250  x 10’J/Kg 

SR371C  Coarse  Powder 

11.0 

0.48 

7460  x 10’J/Kg 

TABLE  1 CHARACTERISTICS  OF  PYROTECHNIC  COMPOSITIONS 


Total  Heat  Transfer 


Figures  4,  5 4 6 show  the  total  heat  flux  received  from  the  three  forms  of  pyrotechnic.  Several 
general  observations  can  be  made  regarding  thses  plots.  The  heat  flux  peaks  at  different  positions 
along  the  conduit  do  not  occur  at  the  same  time  but  they  are  all  registered  during  the  first  12  ms 
after  which  period  the  situation  stabilises  and  almost  smooth  falling  gradients  of  the  heat  flux,  d£, 

converge  to  insignificent  value  of  heat  flux.  The  gradient  of  heat  flux,  d^,  is  almost  always  a 

maximun  at  position  PI  nearest  to  the  Igniter.  The  ratio  of  the  heat  flux  gradient  1 d^  for  the 

5 (Jt 

first  three  positions,  PI  to  P3  is  invariably  greater  than  the  corresponding  ratio  of  pressure  gradient 
1 dp.  But  after  the  initial  fast  rise  of  the  heat  flux  gradients,  their  decay  corresponds  with  the 
p 3t 

decay  in  pressure. 

The  Magnitude  4 Location  of  Maximum  Heat  Flux 

The  location  and  magnitude  of  4||)Jx  for  different  tube  lengths,  igniter  compositions  and  masses  are  listed 

in  Table  2.  Although  the  gradient  of  4 Is  always  a maximun  at  PI,  the  maximun  heat  flux  does  not 
necessarily  occur  at  PI.  In  a 0.3  m long  tube,  its  location  is  invariably  at  or  near  PI,  but  for 
longer  tubes,  this  site  generally  shifts  doenstream  to  P3,  P5  or  even  P7.  The  reason  for  this  would 
seem  to  be  that  with  longer  tubes,  owing  to  the  greater  free  volume,  complete  combustion  of  the  powder 
takes  place  further  downstream  in  the  tube. 

The  variation  in  igniter  mass  appeared  to  have  no  consistent  effect  on  the  magnitude  of  maximum  heat 
flux  peaks.  In  fact,  in  some  tests  the  heat  flux  peaks  obtained  by  a .002  kg  mass  of  igniter  were 
found  to  be  higher  in  magnitude  than  those  obtained  from  .005  mg  of  the  same  composition. 

The  magnitudes  of  d „ appear  to  increase  with  nozzle  diameter.  This  may  be  due  to  the  occurrence 
of  greater  convective  heat  transfer  because  of  a larger  nozzle  throat  area. 


1 

0.30m  tube 

0.45m 

tube 

Composition 

Type 

Port  To 
Throat  Area 
Ratio 

Height  of 
the  Composition 

^max 

Location 

of  6 
Hmax 

Hmax 

Location 

of  d 
Mmax 

q 

max 

Location 

of  <5 
Mmax 

(<9) 

(MU/m2) 

(MW/ra2) 

(MW/m2) 

SR44 

56 

.002 

8.4 

pi 

8.4 

PI 

8.4 

P2 

Granular 

.005 

9.5 

P3 

6.0 

P3 

10.5 

P5 

N 

20 

.002 

8.9 

PI 

8.5 

PI 

6.9 

PI 

.005 

13.8 

PI 

10.4 

P3 

8.0 

P2 

N 

10 

.002 

15.8 

PI 

11.5 

PI 

6.2 

PI 

.005 

18.0 

PI 

5.9 

PI 

8.5 

P7 

SR44 

20 

.002 

8.3 

P3 

10.0 

P3 

7.1 

P3 

Powder 

.005 

11.2 

P3 

10.5 

P3 

7.9 

P4 

SR371C 

20 

.002 

8.2 

PI 

6.6 

P4 

6.8 

PI 

Coarse 

.005 

10.0 

P2 

8.0 

P5 

6.0 

PI 

Powder 

TABLE  2 MAGNITUDE  AND  LOCATION  OF  MAXIMUM  TOTAL  HEAT  FLUX 


Heat  fluxes  were  Integrated  with  respect  to  time  after  5,  10,  20,  40  and  80  ms  to  obtain  heat  transfer 
rates  at  different  positions  along  the  conduit.  Fig.  7 is  a typical  plot  of  heat  transfer  rate  against 
non-dimensional  length,  X.  The  initial  sharp  downward  gradients  became  smoother  as  the  mass  of  igniter 
U 

was  Increased,  until  almost  linear  curves  tending  to  became  horizontal,  were  obtained  from  igniter  masses 
greater  than  0.005  kg. 

The  heat  transfer  rates  were  further  Integrated  over  the  entire  area  of  the  motor  conduit  to  obtain  total 
heat  delivered  to  the  motor-body.  Total  heat  against  mass  of  the  Igniter  is  plotted  in  Fig.  8,  for  a 
motor  length  of  0.30  m.  There  appears  to  be  a linear  relationship  between  igniter  mass  and  the  total 
heat  received  by  the  motor  body,  provided  the  igniter  mass  is  less  than  a certain  limiting  quantity. 

The  optlimm  limit  In  this  case  was  found  to  be  0.004  Kg.  The  reason  that  this  linear  relationship 
breaks  dor  at  higher  masses  appears  to  be  that  beyond  a certain  value,  uncombusted  material  Is  ejected 
from  the  nozzle.  The  evidence  for  this  was  that  traces  of  uncombusted  powder  were  noticed  outside  the 
nozzle  when  tests  using  .005  kg  or  more  of  igniter  compositions  were  conducted. 
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Taking  average  values  for  the  heat  absorbed  in  each  tube  length  after  80  ms.  Table  3 gives  the  amount 
of  heat  lost  through  the  nozzle  (port-to-throat  area  ratio  of  20)  based  on  the  bomb-calorimeter 
measurements  of  the  heats  of  combustion  for  each  type  of  composition. 


Composition 

%age  Heat  Lost 

SR44  granular 

72% 

SR44  fine  powder 

80% 

SR371C  coarse  powder 

71% 

TABLE  3 HEAT  LOST  THROUGH  THE  NOZZLE 


The  effect  of  port-to-throat  area  ratio  on  the  total  heat  absorbed  by  the  motor  body  is  illustrated  in 
Fig.  9,  using  SR44  granular  compositions.  It  appears  that  a port-to-throat  area  ratio  of  20  is  an 
optimum  from  the  point  of  view  of  heat  transferred  to  the  motor  conduit,  although  the  dependence  is 
not  a strong  one. 

The  total  amount  of  heat  absorbed  by  the  motor  tube  increased  with  tube  length,  although  not  markedly  when 
SR44  compositions  were  used.  However,  with  SR371C  composition,  this  increase  was  as  high  as  33%  when 
the  motor  tube  was  lengthened  from  0.30  m to  0.6  m.  It  is  believed  that  this  phenomenon  is  due  to  the 
slower  rate  of  burning  of  the  Mg/KNOj  powder,  the  greater  residence  time  of  the  longer  tube  allowing  it 
to  combust  more  fully. 

Radiative  Heat  Transfer 

Fig.  10  provides  a typical  comparison  between  total  heat  flux  and  radiative  heat  flux  at  position  PI 
in  a 0.3  m long  tube.  The  total  heat  flux  peak  occurs  4.5  ms  before  the  pressure  peak  whereas  the 
radiative  oeak  occurs  at  the  same  time  as  the  pressure  peak.  After  18  ms,  when  the  pressure  is  half 

its  peak  value,  the  radiative  heat  flux  is  also  halved  but  the  total  heat  flux  falls  to  I /6th  of  its 
peak  value.  The  radiant  flux  is  clearly  dependent  upon  pressure  and  hence  the  density  of  gases  within 
the  motor. 

The  maximum  gradients  of  heat  flux  occur  at  PI  in  cm  0.3m  tube  but  as  the  tube  length  is  increased  the 
sites  of  maximum  gradient  as  well  as  of  the  largest  heat  flux  peaks  shift  downstream.  Table  4 
summarises  the  axial  distribution  of  the  sites  of  heat  flux  and  their  magnitudes. 


Composition 

Type 

1 

0.30m  tube 

0.45m  tube 

0.60m  tube  ! 

^nax 

(MW/mJ) 

Location 

of  d 
Hmax 

Time  to 

^max 
(M  Sec) 

^max 

(MW/m2) 

Location 

of  A 
Mmax 

Time  to 

^max 

(M  Sec) 

^max 

(MW/m2) 

Location 

of  q 
Hmax 

Time  to 
q 

max 

(M  Sec) 

SR44  Granular 

.002 

1.44 

PI 

6 

0.60 

mm 

11 

0.65 

P2 

mm 

.005 

3.62 

PI 

8 

2.00 

mm 

19 

2.05 

P4 

U 

SR44  Powder 

.002 

1.20 

PI 

1.07 

P5 

12 

0.49 

P2 

.005 

3.10 

PI 

0.81 

P7 

13 

1.55 

PI 

9 

SR 37 1 C Coarse 

.002 

1.61 

PI 

mgm 

P5 

13 

0.49 

P4 

13 

Powder 

.005 

7.50 

P2 

7 

1 

P7 

11 

0.62 

P3 

9 

TABLE  4:  MAGNITUDE  AND  LOCATION  OF  MAXIMUM  RADIATIVE  HEAT  FLUX 

Port-to-Throat  Area  Ratio:  20 


The  average  radiative  heat  absorbed  by  the  motor  body  is  3%  of  the  total  integrated  heat  at  t * 5 ms  but 
after  t * 40  ms,  it  increases  to  1 81  of  the  total  heat.  However,  it  must  be  assured  that  by  this  time 
ignition  will  have  already  taken  place. 

Particulate  Heat  Transfer 

A typical  particle  impingement  pattern  obtained  on  a cellulose  acetate  sheet  after  a test  is  shown  in 
Fig.  11.  In  a 0.3  m tube  the  first  particle  Impact  and  the  area  of  maximum  impact  of  it  occurred 
between  positions  PI  and  P3,  i.e.  in  the  first  half  of  the  motor  length.  However,  for  the  longer  tubes 
the  first  and  the  maximum  impact  area  lay  between  P2  and  P7.  Thus  for  longer  tubes  the  particle  impact 
spectrun  moved  downstream,  just  as  did  the  region  of  greatest  total  heat  flux  noted  previously. 


d. 
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It  was  also  observed  that  virtually  all  the  particle  impact  occurred  during  the  first  10  ms  of  a test, 
corresponding  approximately  to  the  pressure  rise  time. 

Temporal  and  Axial  Distributions  of  Craters 

The  particle  impact  period  of  approximately  10  ms  was  divided  into  equal  segments  of  2.5  ms  each  and 
craters  in  each  segment  of  the  cellulose  acetate,  sheet  were  counted  separately.  No  general  trend  in  the 
variation  of  particle  size  distribution  with  time  could  be  observed. 

Based  on  average  values  at  each  position,  the  axial  distribution  of  carters  is  given  in  Table  5 for  a 
typical  test.  The  general  effect  of  the  axial  distance  on  the  crater  distribution  appears  to  be  to 
increase  the  number  of  smaller  craters.  No  craters  of  size  greater  than  125  microns  were  observed. 


Crater/' 
Particle 
sizes  in 
Microns 

0.005  Kg  SR371C  Composition  0.60m  tube 

Average  Distribution  of  Loose 
Particles  Scraped  from  the  CA  Sheet 

Crater  Distribution  at 

PI 

P3 

P5 

P7 

P9 

0 - 5 

61.8% 

63.3% 

67.8% 

76.4% 

70.9% 

32.5% 

5 - 10 

14.0% 

14.2% 

15.6% 

11.9% 

15.2% 

17.4% 

10  - 15 

9.4% 

7.8% 

8.1% 

3.4% 

7.0% 

11.8% 

15  - 20 

5.4% 

4.7% 

3.5% 

8.0% 

3.3% 

8.2% 

20  - 25 

4.2% 

3.7% 

1.9% 

0.2% 

1.5% 

5.4% 

25  - 30 

1.9% 

2.1% 

1.6% 

0.1% 

1.1% 

5.4% 

30  - 35 

1.7% 

1.4% 

0.9% 

- 

0.6% 

3.8% 

35  - 40 

0.6% 

0.8% 

0.3% 

- 

0.1% 

2.6% 

40  - 50 

0.6% 

0.9% 

0.3% 

- 

0.1% 

4.2% 

50  - 60 

0.2% 

0.7% 

- 

- 

0.1% 

1.9% 

60  - 70 

0.1% 

0.3% 

- 

- 

0.1% 

1.6% 

70  - 80 

0.1% 

0.1% 

- 

- 

1.0% 

80  - 90 

0.5% 

90  - 100 

1.3% 

100  - 125 

0.5% 

125  - 150 

0.6% 

150  - 175 

0.4% 

175  - 200 

0.3% 

200  - 225 

0.2% 

225  - 250 

0.2% 

250  - 275 

0.1% 

TABLE  5:  AXIAL  DISTRIBUTION  OF  CRATER  SIZES  COMPARED  WITH  AVERAGE 

DISTRIBUTION  OF  LOOSE  PARTICLES 


Correlation  between  Combustion  Particles  A Crater  Size 

Fig.  12  is  a typical  plot  of  %age  less  than  stated  size  against  size  of  the  combusted  particles,  and  the 
correspondong  craters  obtained  in  that  test.  Based  on  the  reasonable  assumption  that  the  particle  size 
distribution  has  a close  correspondence  with  the  crater  size  distribution,  correlations  have  been  obtained 
between  particle  size  and  crater  size  for  different  igniter  masses  for  a tube  length  of  0.6  m.  A 
typical  correlation  is  plotted  in  Fig.  13,  which  suggests  that  particles  obtained  from  a combustion  of 
.005  kg  of  igniter  produce  larger  craters  than  those  produced  by  particles  obtained  from  .002  Kg  mass  of 
igniter.  Crater-particle  correlations  based  on  .005  Kg  of  igniter  mass  are  listed  in  Table  6. 

Particulate  Heat  Transfer 


If  a particle  of  diameter  dp  impinges  on  the  cellulose  acetate  sheet  to  produce  a crater  of  diameter  dc 
and  assuming  that  the  part  cle  is  half  embedded  in  the  sheet,  the  heat  transferred  per  unit  area  would 
be  given  by: 


q * dppp  Cpp  (Tpo  - Tpt) 


(3) 


Since  the  particle  is  only  partially  embedded,  the  heat  input  to  the  sheet  can  be  approximated  by 


* * T7  pP  CPp  dP  dc  (TP0  * V <4> 

Assuming  that  the  crater  is  a perfect  half  sphere,  and  it  would  be  nearly  so  if  vaporisation  of  cellulose 
acetate  takes  place  at  the  hot  interface,  the  heat  used  to  pyrolise  the  sheet  is  given  by: 


Q * T?  PC  dc  cp  (Tc  - To)  ♦ HC 


(5) 
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FIG.  12  Distribution  of  Particle  Size  & Crater  Size 


FIG.  13  Correlation  between  Particle  and  Crater  Size 
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If  the  particle  is  allowed  to  transfer  Its  entire  heat  to  the  sheet  and  assuming  that  it  is  entirely 
utilized  in  the  formation  of  the  crater,  then  it  would  be  reasonable  to  assume  that: 
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Particle 

Sizes 

(Microns) 

Corresponding  Crater  Sizes 

SR44  Granular 

SR44  Powder 

SR371C  Coarse  Powder 

5 

2.0 

3 

2.5 

10 

4 

5.5 

5.0 

15 

5.5 

8.5 

7.5 

20 

7.5 

11 

10 

25 

9.5 

14 

12.5 

30 

11 

17 

15 

40 

15 

22 

20 

50 

19 

28 

25 

60 

23 

33 

30 

70 

26 

39 

35 

Igniter  mass  * .005  Kg  Tube  length  = .6m 
TABLE  6:  CORRELATION  BETWEEN  PARTICLE  SIZE  AND  CRATER  SIZE 


Using  Eqs.  (4),  (5)  and  (6)  the  initial  temperature  of  the  particle  is  given  by: 

TPn  = T CT  (TPt  ' To>  + Hc  + TPt  <7) 

0 p r l <• 

) Once  the  particle  temperature  is  known,  the  particulate  heat  flux  per  unit  area  is  given  by 


* - h (T  - T.  ) (8) 

Ko  Kt 

The  average  value  of  the  heat  transfer  coefficient  was  found  to  be  2.1  kW/m2  °C  (ref  10).  The  heat  of 
dissociation  of  cellulose  acetate  was  experimentally  found  to  be  6 x 106  KJ/Kg.  Using  specific  heat 
values  of  BzOa  and  Mg  0 from  Thermodynamic  Tables  (ref  11).,  Eq.  7 was  employed  to  calculate  particle 
temperatures.  These  together  with  estimated  particulate  heat  fluxes  and  heat  inputs  are  given  in  Table  7. 


Frequency  of  Particle  Impingement 


Based  on  the  mass  of  igniter  and  distribution  of  particles  found  deposited  on  the  inside  of  the  motor,  an 
estimate  as  to  the  total  number  of  particles  striking  the  conduit-surface  can  be  made.  Let  the  mass  of 
Igniter  particulate  matter  deposited  in  the  tube  be  mp  and  let  N be  the  total  number  of  particles 
constituting  this  mass.  Assuming  ni*  particles  have  diameters  di  and  so  on,  it  can  be  shown  that 


600  rap 


(9) 


Let  the  motor  conduit  surface  area  be  Ap  and  since  almost  all  the  particles  impact  within  10  ms  with 
a uniform  density,  the  rate  of  particle  impact  per  millisecond  comes  to 


„ 60 
rP 


?.inidi 


(10) 


The  amount  of  igniter  material  retained  inside  the  motor,  mp,  was  found  experimentally.  It  is  plotted 
as  a function  of  igniter  mass  in  Fig.  14. 


Assimlng  that  all  the  combusted  particles  are  oxides  of  boron  or  of  magnesium  in  the  respective  cases  of 
SR44  and  SR371C  coabustlon,  the  total  nunber  of  combusted  particles  is  estimated  to  be  8 x 10’  and  4 x 10’ 
per  Kg  respectively.  This  means  that  a combustion  of  .005  kg  of  SR44  composition  gives  rise  to  an 
average  Impact  rate  of  31  particles/iwi2  m sec.  Similarly  SR371C  gives  rise  on  combustion  to  an  average 
Impact  rate  of  16  particles/mm2  m sec.  Since  each  particle  continues  to  transfer  heat  for  several 
milliseconds,  it  is  estimated  that  at  any  given  moment,  more  particles  are  transferring  heat  than  the 
particles  impact  rate  would  indicate. 


A. 
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Estimated 

Particle 

Particulate 
Heat  Flux 

Heat  Transfer 

from  Particles  of  Sizes 

Composition 

5 microns 

10  microns 

20  microns 

50  microns 

100  microns 

Temperature 

SR44 

Granular 

(°K) 

1800 

(MW/m2 ) 
2.5 

(KJ/m2) 

5.4 

(KJ/m2) 

10.8 

(KJ/m2) 

21.6 

(KJ/m2) 

54.0 

(KJ/m2) 

108.0 

SR44 

Powder 

2200 

3.5 

7.4 

14.9 

29.7 

74.3 

148.6 

SR371C 

Coarse  Powder 

1300 

1.6 

5.9 

11.8 

23.6 

58.9 

117.8 

TABLE  7:  PARTICULATE  HEAT  TRANSFER  BASED  ON  ESTIMATED  TEMPERATURES 


CONCLUSIONS 


From  the  foregoing,  it  is  evident  that  convection  and  conduction  due  to  particle  impingement  are  the  two 
most  dominant  modes  of  heat  transport  from  an  igniter  to  the  propellant  during  ignition  of  a rocket- 
motor.  The  contribution  of  the  radiative  component  of  heat  flux,  although  significant  in  motors  with 
length  to  diameter  ratios  of  6 or  less,  becomes' far  less  significant  with  longer  motors.  The  particulate 
heat  flux  is  comparable  to  the  average  convective  heat  f.ux  during  the  first  and  the  most  crucial  10  ms 
of  a rocket  ignition.  In  fact,  in  addition  to  the  particles  escapting  through  the  nozzle,  3 to  5 million 
particles  from  the  combustion  of  .001  Kg  of  pyrotechnic  material  strike  and  stick  to  the  propellant 
surface.  Although  about  half  of  these  particles  are  less  than  5 micron  in  size,  at  least  12%  are  greater 
than  20  micron.  These  alone  are  sufficient  to  cause  ignition  (ref  10).  Smaller  particles  i.e.,  in 
the  5 micron  range  will  not,  of  themselves,  give  rise  to  ignition  but  with  rates  of  impact  of  between  8 
and  15  particles  per  mm2  per  millisecond,  they  do  contribute  at  least  one  third  of  the  ignition  energy. 

It  is.  therefore,  most  likely  that  in  conjunction  with  the  convective  heat  supplying  a steady  background, 
the  first  ignition  sites  in  a rocket  motor  will  occur  at  these  point-sources  of  energy. 


Since  in  rocket  motor  tubes  with  non-dimensional  length  parameter,  X 

U 


6, 


the  site  of  maximum  heat  flux 


shifts  downstream  near  the  middle  of  the  motor  body,  it  is  reasonable  to  assume  that  the  first  ignition 
flame  in  longer  motors  usually  appears  in  the  middle  regions  of  the  motor  conduit. 


It  has  already  been  shown  that  the  total  heat  is  a linear  function  of  igniter  mass  until  an  optimum  is 
reached,  beyond  which  the  improvement  in  heat-flux  is  not  proportional  to  the  increase  in  mass,  because 
increasing  amount  of  uncombusted  material  escapes  through  the  nozzle.  Thus  providing  a rocket  motor 
with  a larger  than  optimum  igniter  mass  results  only  in  a small  increase  in  heat  input. 


The  rate  of  burning  rather  than  the  calorific  value  of  a pyrotechnic  material  is  a more  important  factor 
in  determining  its  combustion  efficiency.  B/KNOj  composition  when  finely  powdered  and  packed  has  a much 
lower  rate  of  burning  than  when  it  is  in  a granular  form.  Although  calorimetric  measurements  give  a 
higher  value  for  the  heat  of  combustion  of  finely  powdered  B/KNOs  than  when  it  was  in  a granulated  shape 
but  in  motor  firings,  the  slower  burning  powder  gave  as  much  as  40%  less  heat  than  the  much  faster 
burning  granules. 
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Summary 


A computer  model  was  developed  for  the  spinning  rocket  motor  used  In  an  artillery  projectile. 

Lumped  parameter  equations  for  conservation  of  mass  and  energy  are  solved  numerically.  Departures  from 
standard  procedures  are  made  in  treating  1)  the  gas  properties  by  mixing  the  Input  from  two  different 
propellant  grains,  2)  the  gas  dynamic  effects  due  to  swirling  of  the  gases  through  a single  central 
nozzle  as  predicted  by  Mager  '1961),  3)  Increase  in  radial  burning  rates  due  to  radial  acceleration  and 
swirling  gases.  A formula  for  radial  burning  rates  was  derived  from  reducing  pressure-time  data  for 
40mm  and  80mm  rocket  motors  at  spin  rates  up  to  340  rps.  The  code  Is  applied  to  motors  for  a 155mm 
projectile  and  a 203mm  projectile  at  spin  rates  of  170  rps  and  250  rps.  For  the  155mm  agreement  is  good 
between  code  predictions  and  firing  tests  at  170  rps;  at  250  rps  the  agreement  is  not  as  good  because  of 
suspected  slow  ignition.  For  the  203mm  projectile,  agreement  was  good  for  the  one  spin  rate  compared. 
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List  of  Symbols 

sound  speed  at  stagnation  conditions  (cm/sec) 
2 

geometric  nozzle  area  (cm  ) 
gas  molecular  weight 
chamber  pressure  (MPa) 

linear  burning  rate  of  propellant  (cm/sec) 
grain  inner  radius  (cm) 

2 2 

universal  gas  constant  (kgm  /sec  gmol°K) 

7 

burning  surface  (cm') 
time  (sec) 

chamber  temperature  (°K) 

3 

chamber  gas  volume  (cm  ) 
chamber  specific  heat  ratio 

3 

propellant  density  (kg/cm  ) 
spin  rate  (rps) 


Introduction 


Modeling  of  spinning  rocket  motors  requires  departures  from  standard  rocket  interior  ballistics. 
Swirling  of  the  flow  through  a central  nozzle  causes  vortex  effects  which  have  been  calculated  by  Mager 
(1)  and  by  Norton  (2)  among  others  (3).  Cold  flow  experiments  by  Farquhar  (4)  confirmed  the  predictions. 
The  combination  of  radial  acceleration  and  swirling  gas  flow  increases  the  burning  rate  of  the  propellant 
principally  in  the  radial  direction.  Some  data  are  available  on  the  effects  of  spin  on  double  base  pro- 
pellants which  are  of  Interest  In  this  study. 

Combining  these  two  main  effects  into  a computer  model  has  been  previously  attempted  with  limited 
success.  When  Ulloth  and  Guthrie  (5)  attempted  a computer  program  to  model  a high  spin  motor  (10000  rpm) , 
they  were  unable  to  predict  a runaway  pressure  rise  after  half  the  grain  was  burned.  They  accounted  for 
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the  gas  dynamic  effects  through  Magar's  analysis.  Thay  did  predict  surface  regression  profile  which 
agreed  with  static  firing  tasts.  Click  (6)  studied  the  gas  dynamic  effects  In  a simulated  central  per- 
forated motor  by  a one-dimensional  quasi-steady  analysis.  Local  burning  rates  were  computed  as  a function 
of  acceleration  and  local  gas  velocity.  Krler,  et  al  (7)  wrote  a prediction  code  for  a trl-segmented 
grain  design  with  no  gas  dynamic  effects  of  spinning  but  with  a radial  burning  rate  augmentation  pro- 
portional to  grain  Inner  diameter.  Maximum  augmentation  was  30  percent. 

The  present  study  was  motivated  by  a need  to  study  range  dispersion  of  a rocket  assisted  projectile 
for  a 155nm  howitzer.  It  was  hoped  that  a computer  model  would  permit  numerical  experiments  to  Identify 
the  source  of  the  variability  in  delivered  Impulse  shown  In  flight  test  data  (8).  It  was  later  found 
that  the  dominant  cause  of  the  variability  lay  in  the  exterior  ballistics  of  the  base  region  (9). 

Analysis 

For  the  chamber  gases,  the  simultaneous  conservation  equations  for  mass  and  energy  are  integrated 
numerically  for  a lumped  parameter  system  by  a modified  Euler  scheme.  Quasi-steady  lsentropic  flow  for 
an  ideal  gas  is  assumed.  Because  at  least  one  motor  of  interest  has  two  propellant  grains  of  different 
size  and  compoaitlon,  effective  values  for  the  thermodynamic  properties  of  the  gas  mixture  are  obtained 
by  assuming  lsentropic  mixing  of  the  two  gas  sources. 

Mass  flow  rate  through  the  nozzle  must  be  corrected  for  the  effect  of  swirling  flow.  Mager's 
analysis  for  a free  vortex  flow  should  be  applicable  to  a cylindrical  port  motor.  The  presence  of  the 
slots  and  a steel  spacer  between  the  grains  are  Ignored  for  simplicity.  Mager's  controlling  parameter 
for  the  mass  flow  reduction  Is 


Tabular  values  of  mass  flow  efficiency  versus  a*  and  y*  are  found  in  Glick  and  Kilgore  (10).  The 
efficiency  is  treated  as  an  effective  throat  area  factor.  The  effect  is  two-fold  in  that  it  1)  reduces 
the  mass  flow  rate  and  therefore  the  thrust,  and  2)  increases  the  effective  area  expansion  ratio  and 
therefore  the  thrust  while  the  flow  is  still  underexpanded.  The  net  effect  is  to  change  the  ratio  of 
thrust  to  chamber  pressure.  For  the  purposes  of  this  code,  the  burning  radius  was  assumed  to  be  that  of 
the  aft  grain  Instead  of  an  average  value  over  the  entire  motor  length. 

Burning  rates  of  the  different  propellant  surfaces  Is  the  second  substantial  departure.  All  surfaces 
except  the  Inner  radii  and  the  narrow  slots  are  assumed  to  regress  at  the  usually  published  rates  for  the 
given  propellant.  In  the  slots,  erosive  burning  Is  assumed  proportional  to  mass  velocity. 

Spinning  the  motor  induces  burning  rate  changes  beyond  that  expected  from  reducing  the  effective 
throat  area  to  thus  raise  the  equilibrium  pressure.  Some  combinations  of  local  gas  velocity  and  accel- 
eration increase  the  radial  burning  rate.  Data  on  these  double  base  propellants  at  10  krpm  are  not 
directly  available.  Bulman  and  Netzer  (11)  found  a decrease  with  acceleration  alone.  Guthrie  and  Chen 
(12)  reported  an  Increase  of  75  percent  at  10000  g's  In  a spinning  motor. 
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Pressure- time  records  are  available  from  a AVCO  developed  AOram  motor  with  multiple  nozzles  spin  up 
to  330  rps.  Similar  data  are  also  available  from  a Plcatinny  Arsenal  80mm  motor  spun  to  75  rps. 

Figure  1 shows  the  pressure-time  history  of  the  40mm  motor  at  several  spin  rates,  and  Figure  2 shows  the 
80mm  motor. 


Figure  1.  Effect  of  Spin  on  Pressure-40mm  Motor. 


Figure  2.  Effect  of  Spin  on  Pressure-80mm  Motor. 


The  continuity  equation  for  a constant  temperature  rocket  chamber  may  be  rearranged  to  give 


O 


The  burning  rate  is  thus  expressed  as  a function  of  known  parameters  and  of  parameters  which  must  be  com- 
puted from  the  burning  rate  history  [S,  V,  dV/dt,  all  functions  of  distance  burned].  For  internally  per- 
forated cylindrical  grains,  these  parameters  can  be  specified  by  simple  expressions.  For  a central  nozzle, 
Mager's  results  can  be  applied  to  compute  a virtual  throat  area  as  a function  of  spin  rate  and  instantane- 
ous grain  inner  radius. 


For  both  motors  there  was  a decided  trend  to  higher  burning  rates  at  higher  spin  rates.  No  simple 
[ relationship  with  acceleration  seemed  derivable  because  the  trend  within  data  sets  at  different  spin  rates 

was  not  consistent.  A more  consistent  trend  was  noted  when  the  relative  burning  rate  was  plotted  against 
the  tangential  velocity  (WR)  of  the  grain  inner  radius.  In  Figure  3,  which  shows  the  trends,  the  ellipi- 
soidal  areas  enclose  the  data  points  for  the  cited  spin  rate  for  the  40mm  motor.  Because  there  were 
only  two  tests  with  the  80mm  motor,  the  entire  history  is  shown  by  the  two  labeled  curves. 


RELATIVE 


Figure  3.  Correlation  of  Relative  Burning  Rate  with  Tangential  Velocity. 

One  element  of  bias  was  Introduced  in  the  analysis  when  an  initial  grain  radius  was  picked.  In  all 
data  reductions,  the  computations  were  started  at  a minimum  in  the  pressure-time  history  after  pre-  * 
ignition  spike.  An  assumption  had  to  be  made  on  the  amount  of  propellant  consumed  in  the  ignition  process. 
The  40mm  motors  had  a screw  thread  initial  surface  to  aid  Ignition  and . the  80mm  had  a smooth  initial  sur- 
face. Somewhat  arbitrarily,  the  no-spin  tests  were  subjected  to  trial  and  error  reduction  until  the 
assigned  initial  radius  yielded  an  approximate  relative  burning  rate  of  1.0  at  the  pressure-minimum.  To 
the  extent  that  the  Ignition  transient  depends  on  spin  rate,  the  assumption  introduces  a systematic  error. 

Two  lines  were  drawn  on  Figure  3 to  represent  the  trend  of  the  results.  When  the  linear  fit  was  used 
for  a computer  model  of  a RAP  with  (WR)  values  beyond  the  tested  range,  the  radial  burning  rate  vis 
apparently  overstated  by  about  25%.  There  were  too  many  other  uncertainties  in  the  motor  simulation  to 
allow  any  firm  conclusions  about  the  real  validity  of  the  linear  expression.  For  convenience  in  that 
model,  a limiting  value  of  relative  burning  rate  of  1.5  gave  reasonable  argument  with  test  firings.  The 
form  of  tlie  correlation  used  there  is  shown  as  a broksn  line  in  Figure  3. 
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Total  Impulse  correction  has  been  made  by  using  a constant  efficiency  factor  to  adjust  the  predicted 
value  to  the  test  value.  In  effect,  pressure  and  Impulse  predictions  were  considered  together  before 
adjustment  factors  were  selected.  Numerical  values  are  shown  in  the  section  on  comparison  of  predicted 
and  test  performance. 


Comparison  with  Tests 

Firing  test  data  lave  been  obtained  from  Picatinny  Arsenal  (8)  for  both  flight  tests  and  captive 
tests.  Thrust  data  were  of  principal  Interest  because  impulse  variability  was  the  motivation  for  the 
code  development. 

Impulse  Is  obtained  from  flight  tests  by  measuring  Instantaneous  velocity  with  doppler  radar  and 
inferring  the  thrust  from  assumed  values  of  aerodynamic  drag  coefficient.  Although  wind  tunnel  tests 
(9,13)  have  shown  that  the  projectile  drag  also  depends  on  the  thrust  level,  the  data  reduction  scheme 
has  not  been  changed  to  Incorporate  that  dependence.  The  effect  would  be  seen  at  low  thrust  levels  (below 
about  1 kN)  where  a sharp  transition  In  base  pressure  ratio  occurs.  An  error  of  0.1  kN  could  result  in 
this  low  thrust  regime. 

For  the  original  design,  the  average  total  impulse  for  a series  of  24  flight  tests  was  3.83  kN-sec. 
The  code  with  no  corrections  for  efficiency  predicted  6.42  kN-sec.  This  series  of  tests  was  adopted  as 
the  standard. 


Comparisons  between  computed  and  test  performance  are  shown  in  Figures  4 through  7 for  two  configurations. 
The  original  production  standard  configuration  with  OGK  aft  grain  and  spun  at  170  rps  was  the  basis  for 
computing  impulse  efficiency.  Figure  4 compares  test  data  with  two  computed  profiles:  one  with  a simple 

grain  and  ideal  thermodynamics  and  one  with  a real  grain  and  losses. 

The  simple  grain  analysis  ignores  the  geometry  of  the  aft  grain  end  and  assumes  a fully  inhibited 
outer  radius  and  sharp  corners  of  all  interacting  surfaces. 


Figure  3 compares  the  computed  profile  with  test  data  for  the  original  design.  Note  the  differences 
in  the  early  profile  among  two  typical  flight  testa  and  a typical  spin  stand  test. 


Figure  4.  Thrust  for  Original  Design  at  10000  rpm  Figure  S.  Original  Design  Test  Comparisons. 

The  final  design  with  one  propellant  operates  at  a higher  thrust  for  a shorter  time.  Figures  6 and 
7 present  comparisons  for  this  design  at  170  rps  and  230  rps  respectively. 
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Figure  6.  Comparisons  of  Final  Design  at  10000  rpm.  Figure  7.  Comparisons  for  Final  Design  at  15000  rpm. 
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Several  attempts  were  made  to  match  the  profiles  by  reasonable  changes  In  early  burning  rate  behavior 
with  no  success.  The  barrier  is  that  the  forward  grain  geometry  cannot  burn  progressively  unless  the 
radial  regression  is  much  greater  than  the  non-radial  rate  (ratio  exceeds  20) . A progressive  pressure 
trace  must  then  arise  from  some  other  source  than  grain  geometry.  A definitive  model  would  require  a 
description  of  the  entire  flow  field  during  the  flame  spreading  phase.  The  phenomenon  does  not  hurt 
motor  operation  but  does  bar  a lumped  parameter  simulation. 

Application 

Some  parametric  studies  were  conducted  for  the  155mm  motor  for  variations  in  burning  rates  and  grain 
inhibition.  Some  conclusions  drawn  from  these  studies  were  that:  1)  expected  variation  in  the  nominal 

burning  would  not  cause  the  observed  variation  in  delivered  impulse;  2)  expected  impulse  variations  could 
result  from  variation  in  radial  burning  rates  which  decrease  the  predicted  rate  by  more  than  10%,  3)  all 
predicted  impulse  variations  result  from  unburned  propellant,  4)  inhibiting  the  ends  of  both  grains  should 
lessen  the  impulse  variation,  5)  variation  in  an  motor  with  one  propellant  would  be  lower.  These  studies 
pointed  to  a probable  cause  for  the  observed  impulse  variation  outside  the  motor  interior  ballistics  al- 
though using  a one  propellant  motor  with  inhibited  ends  should  minimize  the  contribution  from  the  motor. 
The  motor  was  modified  to  such  a configuration  and  the  delivered  impulse  variability  was  sharply  reduced 
although  most  of  the  credit  must  go  to  the  exterior  ballistics  of  a higher  thrust  level  (9). 


The  code  was  also  tested  for  a RAP  has  a nominal  outer  diameter  of  171mm.  The  Interior  ballistic' 
performance  should  be  similar  except  for  the  different  contraction  ratio  near  grain  burnout.  Correction 
factors  derived  for  the  155mm  RAP  were  used.  Figure  8 presents  the  comparisons  for  the  computed  solution 
and  two  different  flight  tests.  Figure  9 presents  the  comparison  for  assumed  inhibition  of  the  grain 
ends.  No  explanation  is  offered  for  the  different  behavior  in  the  flight  tests. 
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1 . Introduction 

Shelflife  is  the  time  for  which  all  functions  of  a propellant  charge  remain  intact,  within 
given  tolerances,  although  some  aging  processes  have  already  occurred.  In  general,  two 
different  periods  of  shelflife  can  be  defined  for  solid  propellants:  the  chemical  shelflife 
or  safe  shelflife,  and  the  physi co-mechani cal  shelflife.  The  chemical  shelflife  is  determined 
by  the  chemical  reactions  occurring  in  the  propellant.  The  physico-mechanical  shelflife  is 
a function  of  physical  and  mechanical  events,  respectively,  which  can  be  felt  as  cracking, 
dissociation  of  materials,  straining,  diffusion  of  plasticizers,  influences  of  moisture  etc. 

This  contribution  will  be  limited  to  the  chemical  shelflife  of  double  base  solid  propellants. 
It  will  be  shown  by  a few  selected  examples  in  what  way  the  aging  processes  can  be  detected 
analytically  which  occur  during  the  storage  of  double  base  solid  propellants  at  elevated 
temperatures . 

2 . Factors  influencing  shelflife 

The  stability  of  double  base  solid  propellants  is  a function  of  various  factors.  The  main 
preconditions  to  good  stability  first  of  all  lie  in  the  use  of  stable  basic  products  in 
the  fabrication  process.  This  applies  in  particular  to  nitrocellulose  and  nitroglycerin. 

In  addition,  there  must  also  be  good  compatibility  between  the  propellant  matrix  and  other 
components,  such  as  burning  modifiers,  plasticizers  and  other  substances,  in  order  to 
achieve  satisfactory  stability  conditions.  Studies  carried  out  at  our  Institute,  dealing 
with  the  influence  of  *r1ous  burning  modifiers  upon  the  stability  of  double  base  solid 
propellants,  have  indicated  th atespeci ally  the  copper  salts  of  salicylic  acid  have  i clearly 
deteriorating  effect  upon  stability1^ 

In  composite  and  composite  double  base  solid  propellants  compatibility  includes  also  such 
substances  as  aluminum,  ammonium  perchlorate,  hexogen,  octogen  etc.  In  addition  to  satis- 
factory compatibility  it  is  important  to  have  a propellant  which  is  optimally  stabilized. 

This  means  that  a stabilizer  compatible  with  the  propellant  is  applied  in  an  optimum  ratio. 
Other  factors  of  interest  relate  to  the  impact  of  stabilizer  reaction  products  upon  the 
stability  of  the  propellants. 

As  far  as  the  propellant  charge  is  concerned,  it  es  particularly  important  to  know  the 
diffusion  processes  of  plasticizing  agents  and  nitroglycerin,  which  occur  between  the  pro- 
pellant and  the  insulation^. 
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Attention  should  be  devoted  also  to  the  influences,  especially  upon  the  mechanical  pro- 
perties, of  such  factors  as  moisture,  storage,  transport  etc. 

3 . Determining  the  Aging  of  Double  Base  Solid  Propellants 

There  are  various  methods  of  determining  the  aging  of  double  base  solid  propel  1 ants . Here 
are  a few  important  examples: 

(a)  Measurement  of  the  rate  of  heat  generation  during  storage  at  elevated 
temperature  as,  for  instance,  in  the  method  according  to  van  Geel^. 

(b)  Assessment  of  the  thermal  decomposition  curve  through  the  loss  of  weight. 

(c)  Determination  of  the  stabilizer  reaction  products  during  storage  at 
elevated  temperature. 

In  all  these  cases  a factor  of  decisive  importance  is  the  possibility  of  establishing  a 
correlation  between  results  achieved  at  higher  and  those  achieved  at  lower  temperatures 
in  order  to  determine  characteristic  shelflife  data  for  practical  purposes. 

The  studies  outlined  below  are  carried  out  by  the  methods  referred  to  under  (b)  and  (c) 
above . 

3 . 1 Types  of  studied  propellant 

The  studies  were  carried  out  on  specially  prepared  double  base  propellants  which  contained 
different  stabilizers,  while  the  composition  of  the  propellants  remained  unchanged , see  Fig.l. 

The  propellant  consists  of  the  following  main  components: 

50  % nitrocellulose 
35  % nitroglycerin 

10  % di ethyl phthal ate  Qex  = 850  cal/g 

2 % stabi 1 izer 

3 % burning  modifier. 

This  basic  composition  was  used  to  produce  seven  types  of  propellant  by  means  of  different 
stabilizers,  which  contained  the  following  alternative  stabilizer  fractions: 

- 2 % di phenyl  ami ne 

- 2 % ni trodi phenyl  ami ne 

- 2 % acardite  I (asymmetrical  di phenyl  urea ) 

- 2 % acardite  II  (asymmetrical  methyl di phenyl  urea ) 

- 2 % ethyl  centralite 

- 6 % ethyl  centralite 

- 1 * ethyl  centralite  + 1 * acardite  II. 

3 . 2 Test  Performance 

In  order  to  find  out  whether  the  results  obtained  at  elevated  temperatures  (90°C)  correlate 
with  those  obtained  at  the  lower  temperatures  (65°C),  the  studies  were  carried  out  at 
several  temperatures  within  this  temperature  range.  The  propellant  specimens  were  stored 
in  metal  block  thermostats  each  holding  4 grams  of  substance  in  test  tubes  with  glass 
stoppers  loosely  put  in  place.  Five  specimens  each  were  stored  parallel  to  produce  a re- 
presentative mean  value.  The  studies  were  carried  out  with  two  purposes  in  mind: 

(a)  The  specimens  were  stored  at  the  temperature  applied  in  a specific  case  until  auto- 
catalytic  decomposition  occurred,  which  could  be  detected  from  a sudden  loss  of 
weight  and  the  formation  of  nitrous  gases,  respectively. 

(b)  In  another  part  of  the  study  propellant  specimens,  which  had  been  stored  for  different 
periods  of  time  at  various  temperatures,  were  extracted  with  d ichl oromethane  and  the 
extracts  were  analyzed  by  thin  layer  chromatography  to  determine  the  stabilizer 
reaction  products. 
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3 . 3 Test  Results 

3.3.1  Temperature  Correlation  for  Autocatalysis 

In  order  to  obtain  a correlation  for  the  sutocatalyti c decomposition  between  higher  and 
lower  storage  temperatures,  the  weight  losses  were  studied  for  the  propellants  in  question. 
In  these  investigations,  the  loss  of  weight  was  followed  in  5°C  steps  between  65°C  and 
90°C  until  self-accelerated  decomposition  occurred,  which  was  detectable  by  the  formation 
of  nitric  oxides  and  a spontaneous  major  loss  of  weight. 

Fig.  2 und  3 show  two  typical  results.  The  diagrams  are  plots  of  the  losses  of  weight  as 
a function  of  the  storage  period.  It  is  seen  from  the  result  obtained  at  80°C  that  the 
propellant  containing  di phenyl  ami ne  reaches  autocatalysis  at  an  early  point  in  time.  As 
the  storage  period  goes  on,  this  is  followed  by  the  propellants  containing  ethyl  centra  1 i te , 
2-ni trodi phenyl  ami ne , acardite  I,  centralite  I + acardite  II,  and  acardite  II.  From  this 
it  es  seen  that  acardite  II  has  the  best  stabilizer  properties. 

The  propellant  containing  6 X centralite  differs  from  the  others  in  having  a very  high 
rate  of  decomposition  and  reaches  the  autocatalysis  region  only  at  a loss  of  weight  above 
10  X. 

To  indicate  the  temperature  dependence  of  the  thermal  decomposition  Fig.  4 and  5 show  the 
results  obtained  for  propellants  with  d i phenyl  ami ne  and  2-ni trodi phenyl  ami ne . 

The  dependence  on  storage  period  of  the  loss  of  weight  is  shown  here  with  the  temperature 
as  a parameter. 

Similar  curves  were  obtained  also  for  the  other  types  of  propellant;  hence,  there  is  no 
need  to  explain  them  in  greater  detail. 

For  better  assessment  of  the  results  with  respect  to  the  losses  of  weight  the  time  at 
which  autocatalytic  decomposition  set  in  were  plotted  as  a function  of  temperature.  At 
the  same  time,  the  activation  energy  for  the  propellants  stabilized  in  different  ways 
was  calculated  by  means  of  the  Arrhenius  equation,  i.e., 

T1  • T2 

E = 4.572  (log  k2-  log  k j ) -~Tj 

where  kj,  k^  * decomposition  rates  at  temperatures  Tj  and  T^ 

T * temperature  in  K. 

kj  and  k?  are  the  reciprocal  storage  times  to  onset  of  autocatalysis. 

Fig.  6 shows  the  result  obtained  for  the  propellant  containing  di phenyl  ami ne , with  a plot 
of  the  times  to  the  onset  of  autocatalysis  as  a function  of  temperature.  As  is  evident 
from  the  diagram,  there  is  a straight  line  relation  between  autocatalysis  and  temperature, 
if  the  storage  time  is  plotted  logarithmically.  Accordingly,  this  constitutes  a tempe- 
rature correlation  for  the  time  of  autocatalysis. 

The  activation  energy  as  determined  by  means  of  the  Arrhenius  equation  is  33.2  kcal/mol. 

Fig.  7 shows  the  results  obtained  with  the  propellant  stabilized  with  2-ni trodi phenyl  ami ne . 
In  order  to  show  the  effect  on  the  results  of  different  surfaces,  both  compact  and  ground 
specimen  materials  were  studied. 

Again,  this  is  a straight  line  curve,  both  for  the  ground  and  for  the  compact  propellant 
material.  At  the  same  time  this  shows  that,  especially  at  higher  temperatures,  the  time 
at  which  autocatalysis  starts  is  slightly  earlier  for  the  ground  specimen  material  than 
for  the  compact  ones. 

In  double  base  solid  propellants  ethyl  centra  1 1 te  is  also  used  as  a plasticizer  besides 
its  stabilizing  properties.  In  order  to  show  the  effect  upon  stability  of  a concentration 
of  this  substance  (6  X)  higher  than  usually  employed  as  a stabilizer  (2  X}.  the  storage 
results  will  be  compared  as  shown  in  Fig.  8.  Again,  there  is  a straight  line  relationship 
between  the  temperature  and  the  storage  period.  The  losses  of  weight  measured  at  the  time 
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of  autocatalytic  decomposition  are  much  greater  in  the  propellant  with  6 * ethyl- 
centralite  than  with  the  same  stabilizer  containing  2 * of  that  substance. 

To  indicate  the  time  limits  within  which  the  safe  life  of  the  propellants  stabilized  in 
different  ways  can  be  found,  the  respective  results  are  compared  with  each  other  in  Fig. 9. 

It  is  remarkable  that  acardite  II  shows  the  best  stability  values,  that  is,  has  a stabi- 
lizing action  slightly  better  than  that  of  the  mix  of  stabilizers  acardite  II  + centralite  I 
By  far  the  most  unstable  propellant  is  that  stabilized  with  di phenyl  ami ne  (DPA).  It  is  a 
well  known  fact  that  OPA  is  not  especially  qualified  to  be  used  as  a stabilizer  for  double 
base  propellant.  This  stabilizer  was  included  in  this  research  program  only  for  the  sake 
of  completeness.  For  better  clarity,  the  results  obtained  from  the  propellants  with  2- 
ni trodi phenyl  ami ne  and  ethyl  central  1 te  were  not  indicated  in  the  diagram. 

3.3.2  Stabilizer  Reaction  Products  as  a Measure  of  Aging 

The  aging  process  of  double  base  solid  propellants  and  gun  propellants  is  known  to  become 
apparent  in  the  change  of  the  stabilizer.  The  stabilizer  continues  to  be  degraded  more 
and  more  as  storage  goes  on,  which  gives  rise  to  a number  of  reaction  products^. 

Since  the  stabilizer  is  subjected  to  constant  changes  as  a result  of  nitration  and  hydro- 
lysis events,  is  should  be  possible  to  draw  conclusions  as  to  the  aging  condition  from 
the  reaction  products  of  the  stabilizer  found  in  a propellant. 

In  order  to  elaborate  some  systematic  criteria  in  this  field,  extensive  studies  have  been 
conducted  at  our  Institute.  They  were  concerned  primarily  with  analyses  of  the  reaction 
products  formed  during  the  aging  process  of  double  base  solid  propellants  with  different 
stabilizers.  The  separation  of  these  products  was  done  mainly  by  thin  layer  chromatography. 
Unknown  stabilizer  reaction  products  were  identified  by  means  of  field  ion  mass  spectrometry 

Finally,  the  propellants  referred  to  above,  which  contained  different  stabilizers  within 
the  same  propellant  composition,  were  aged  artificially  at  different  temperatures.  In 

order  to  be  able  to  follow  the  change  in  the  stabilizer  reaction  products  as  a function 

of  time  during  storage,  propellant  samples  were  taken  from  the  materials  stored  in 
accordance  with  a precise  schedule  and  extracted  with  dichtromethane.  The  extract  was 
finally  separated  by  means  of  the  method  of  two-dimensional  thin-layer  chromatography. 

The  following  solutions  were  used  as  developer  liquids  for  two-dimensional  chromatographic 
separation: 

(1)  Benzene:  tetrachloromethane:  1 ,2-di chi oroethane  « 5 : 3 : 2,5 

(2)  ethyl  acetate : petroleum  ether  ■=  20  : 80 

For  better  identification,  the  following  spraying  agents  were  used: 

(1)  p-diethylaminobenzaldehyde 

1 g in  75  ml  of  methanol  ♦ 25  ml  of  concentrated  sulfuric  acid 

(2)  0,8  g of  potassium  bichromate  in  100  ml  of  60  t sulfuric  acid. 

Fig.  10  is  a diagram  showing  the  most  Important  reaction  products  of  diphenylamine  as 
separated  by  means  of  thin  layer  chromatography.  Obviously,  these  are  almost  all  nitration 
products  including  the  fully  nitrated  end  product,  hexani trodi phenyl  ami ne  and  picric  acid. 

Considerable  work  was  needy  for  identification  of  the  reaction  products  of  ethyl  central i te , 
mainly  because  the  preparation  of  the  different  stabilizer  derivatives  of  ethylcentral ite 
was  much  more  complicated  than  in  the  case  of  diphenylamine.  Another  aggravating  factor 
was  the  fact  that  derivatives  of  centralite  do  not  undergo  the  characteristic  color 
reactions  as  do  OPA  products  when  sprayed  on  the  thin-layer  plate. 

Fig.  11  shows  the  main  reaction  products  of  ethyl  centra  1 1 te . 
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For  identification  of  the  components  the  thin-layer  plate  was  briefly  heated  to  130° 
following  chromatographic  analysis  and  subsequently  sprayed  with  a solution  of  potassium 
bichromate  in  sulfuric  acid. 

From  the  chromatogram  it  is  seen  that  the  reaction  products  are  more  in  the  nature  of 
nitrated  saponification  products  than  direct  nitration  products  of  ethyl  centra  1 i te . The 
main  products  generated  are  the  derivatives  of  e thy  1 a ni 1 i ne . 

From  the  next  figures  it  is  evident  that  the  reaction  products  of  the  stabilizer  is  much 
more  identical  with  the  aging  condition  of  the  respective  propellant  than  is  expressed 
'.n  any  other  type  of  stability  examination.  The  diagrams  show  the  stabilizers  with  their 
stabilizer  reaction  products  schematically  in  the  way  they  can  be  generated  in  colors  on 
the  thin-layer  plate. 

Fig.  12  shows  the  change  in  the  stabilizer  reaction  products  of  the  double  base  propellant 
stabilized  with  DPA  at  90°C.  After  only  one  day  all  the  DPA  has  reacted.  In  addition  to 
other  reaction  products  resulting  from  continued  nitration,  such  as  the  di ni tro- ,tri ni tro- 
and  tetrani tro-deri vati ves , finally,  as  aging  of  the  propellant  continues,  penta-  and 
hexani tro-DPA  and  picric  acid  are  formed.  The  latter  two  products  were  detected  above  all 
before  the  onset  of  autocatalytic  decomposition  during  aging  double  base  propellants. 

An  analogous  reaction  series,  but  spread  over  a longer  period  of  time,  is  obtained  at  85°C, 
see  Fig.  13.  This  correspondingly  holds  also  for  even  lower  temperatures,  see  Fig.  14. 

This  is  a diagram  showing  the  aging  products  obtained  at  80°C. 

A similar  decomposition  mechanism  as  with  DPA  is  shown  also  by  2-nitro-DPA,  as  is  seen  in 
Fig.  15.  In  the  course  of  storage  at  90°C  the  following  products  can  be  detected:  after 
one  day  di ni trodi phena 1 ami nes ; after  two  days  tri ni trodi phenyl  ami nes ; after  two  weeks 
tet rar i tro-DPA ; after  23  days  pentani tro-DPA ; after  27  days  hexani tro-DPA  and  picric  acid. 

The  results  obtained  with  acardite  I as  a stabilizer  are  of  special  interest,  because  this 
stabilizer  continues  to  react  as  the  propellant  continues  to  age,  mainly  forming  the 
reaction  products  of  diphenylamine,  see  Fig.  16.  In  the  propellant  stabilized  with  acardite 
II  aging  at  90°C,  in  addition  to  the  DPA  reaction  products  2-  and  4-ni troaca rdi te  II  are 
formed,  see  Fig.  17. 

A behavior  by  far  different  from  that  of  diphenylamine,  2-ni trodi phenyl  ami ne  and  the 
acardites  is  exhibited  by  ethyl  central i te  in  the  course  of  aging  of  double  base  propellants. 
In  addition  to  nitro-  and  di ni trocent ral i te , mainly  the  nitro-  and  ni troso-deri vat i ves 
of  ethylaniline  are  formed  in  this  case,  see  Fig.  18. 

While  ethylcentral ite  with  a 2 % fraction  in  the  propellant  has  been  completely  consumed 
after  only  14  days  of  storage  at  90°C,  autocatalytic  decomposition  does  not  occur  before 
storage  for  28  days.  This  behavior  of  double  base  propellants  containing  centralite, 
namely  the  fact  that  the  stabilizer  has  been  consumed  at  approximately  half  the  storage 
period,  with  respect  to  autocatalysis,  has  been  observed  also  at  lower  temperatures ,e . g . , 
at  85°C,  see  Fig.  19.  This  means  that  the  time  at  which  ethyl  centralite  has  just  been 
consumed  is  equal  to  half  the  safe  life. 


Summary 


4 . 

While  stored  at  various  temperatures  between  65°C  and  90°C,  several  double  base  pro- 
pellants with  the  same  composition,  differing  only  In  the  stabilizer,  were  aged  arti- 
ficially to  the  onset  of  autocataly tic  decomposition.  A correlation  between  the  tempe- 
rature and  the  storage  period  has  been  established  for  the  results  obtained  at  the 
respective  temperatures. 

Moreover,  studies  were  conducted  on  the  chromatographic  analysis  of  stabilizer  reaction 
products  of  the  type  occurring  in  particular  In  propellants  with  diphenylamine,  2-nitro- 
di phenyl  ami ne , acardlte  I,  acardite  II  and  ethyl  central  1 te  as  a result  of  storage  at 
elevated  temperatures  due  to  reactions  with  the  decomposition  products  of  nitric  acid 
es  ters . 

It  has  been  shown  that  continuing  aging  of  the  propellant  gives  rise  to  stabilizer 
reaction  products  which  are  quite  characteristic  of  the  respective  aging  condition. 

These  reaction  products  may  be  used  as  a criterion  for  different  stages  of  aging  within 
the  safelife  of  solid  propellants. 
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Abbreviations 


1 . Reaction  Products  of  Pi  phenyl  ami ne 


1) 

DPA 

di phenyl  ami ne 

2) 

2-N-0PA 

2-ni tro-DPA 

3) 

N-Ns-DPA 

N-ni troso-DPA 

<) 

N ,4-DNs -DPA 

N,4-dinitroso-DPA 

5) 

N-Ns-4-N-DPA 

N-nitroso-4-nitro-0PA 

6) 

3-N-DPA 

3-ni tro-OPA 

7) 

2 ,6-DN-DPA 

2 ,6-di ni tro-DPA 

8) 

2 ,4-DN-DPA 

2 ,4-di ni tro-DPA 

9) 

N-Ns-2 ,4-DN-DPA 

N-ni troso-2,4-dini tro-DPA 

10) 

2 , 2 ’ -DN-DPA 

2,2’ -di ni tro-DPA 

H) 

2,4 ,6-TN-DPA 

2 ,4 ,6-tri ni tro-DPA 

12) 

2,4  * -DN-DPA 

2 ,4 ’ -di ni tro-DPA 

13) 

N-Ns-2-N-0PA 

N-nitroso-2-ni tro-DPA 

14) 

N-Ns -4 ,4 ’ -DN-DPA 

N-nitroso-4,4’-dinitro-DPA 

15) 

4-NS-2-N-DPA 

4-nit roso-2-ni tro-DPA 

16) 

4-N-DPA 

4-ni tro-DPA 

17) 

2 ,2  ’-4 ,6-TeN-DPA 

2,2’,4,6-tetrani tro-DPA 

18) 

N-Ns-2, 4’-DN-DPA 

N-nitroso-2,4’-dini tro-DPA 

19) 

N-Ns -2 , 2 ’ - DN-OPA 

N-ni troso-2, 2 ’-dini tro-DPA 

20) 

2,2* ,4-TN-DPA 

2,2’ ,4-tri ni tro-DPA 

21) 

N-Ns-2, 2’ ,4-TN-DPA 

N-nitr os o-2, 2’, 4-trini tro-DPA 

22) 

N-Ns-2, 4, 4’-TN-DPA 

N-ni troso-2, 4, 4 ’-trini tro-DPA 

23) 

2 ,4 ,4  ’-TN-DPA 

2,4,4’-trinitro-DPA 

24) 

2,4.4’  ,6-TeN-DPA 

2,4,4’,6-tetranitro-DPA 

25) 

2,2’  ,4,4 ’-TeN-DPA 

2,2’,4,4’-tetrani tro-DPA 

26) 

2, 2 ’ ,4  ,4 ’ ,6- PN-DPA 

2,2’,4,4’,6-pentanitro-DPA 

27) 

4-Ns-DPA 

4-ni troso-DPA 

28) 

4 ,4  ’-DN-DPA 

4 ,4 ’ -di ni tro-DPA 

29) 

2,2’  ,4  ,4’  ,6,6’ -HN-OPA 

2,2’ ,4,4’,6,6’-hexanitro-DPA 

30) 

2 ,4  ,6-TN-Ph 

2 ,4 ,6- tr i ni trophenol  (picric  acid) 

Reaction  Products  of  Ethylcentral ite 

1) 

NB 

ni trobenzene 

2) 

2-NEA 

2-ni troethyl aniline 

3) 

1 ,3,5-TNB 

1,3, 5- trinitrobenzene 

4) 

2,4,6-TNEA 

2, 4, 6-trinit roethylaniline 

5) 

1 ,3-DNB 

1 ,3-di ni trobenzene 

6) 

EA 

ethy lani 1 i ne 

7) 

N-NsEA 

N-nitrosoethylaniline 

8) 

N-Ns-4-NEA 

N-ni troso-4-nit roethylaniline 

9) 

10) 

11) 

12) 

13) 

14) 

15) 

16) 

17) 

18) 

19) 

20) 
21) 
22) 
23) 
2«) 
25) 

N,2,4.6-TeNEA 

2.4- DNEA 
2-NA 
4-NEA 

N-Ns-2- NEA 
4-NA 

2 , 2 ’ ,4 ,4 ’ - TeNEC 

2.4- ONA 
4-NEC 
2-NEC 
4-NPh 

2.4- ONEC 
4 ,4 • -ONEC 
EC 

2.4- DNPh 

2.6- DNPh 

2.4.6- TNPh 

N,2,4,6-tetran1 troethyl an i line 

2 .4- di ni t roe  thy lani line 
2-ni troani 1 i ne 

4-ni troethyl aniline 
N-nitroso-2-nit roethylaniline 
4-ni troani 1 i ne 

2,2’,4,4’-tetranitroethylcentralite 

2 .4- di ni troani 1 1 ne 
4-nitroethylcentralite 
2-ni troethyl central  1 te 
4-nitrophenol 

2. 4- dinit roethylcentralite 
4,4*-d1nitroethy1centralite 
ethylcentral i te 

2.4- dinitrophenol 

2 .6- di ni trophenol 

2.4.6- trinitrophenol  (picric  acid) 

Composition  of  Double  base  propellants 
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50  % nitrocellulose 

35  % nitroglycerine 

10  % diethylphthalate 

2 % stabilizer 

3 % burning  modifier 

Stabilizers : 

- 2 % diphenylamine 

- 2 % nitrodiphenylamine 

- 2 % acardite  I (asymmetrical  diphenylurea 

- 2 % acardite  n (asymmetrical  methyldiphenylurea 

- 2 % ethylcentralite 

- 6 % ethylcentralite 

- 1 % ethylcentralite  + 1 % acardite  n 

Figure  1 
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Fig.  2 Propellants  with  different  stabilizers 
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Fig.8  Autocatalysis  of  double  base  propellants 


2 


4 6 8 100 


2 


4 


6 8 1000  2 

Storage  time,  days 


Fig.9  Autocatalysis  of  Propellants  with  different  stabilizers 
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Fig.  10  Two  dimensional  thin-layer  chromatogram  of  the  aging  products  of  diphenylantin 


1)  NB 

2)  2-NEA 

3)  1,3,5-TNB 

4)  2, 4, 0-TNEA 

5)  1,3-DNB 

6)  EA 

7)  N-NaEA 

8)  N-N«-4-NEA 


9)  N,2,4,6-TeNEA 

10)  2,4-DNEA 

11)  2-NA 

12)  4-NEA 

13)  N-N«-2-NEA 

14)  4-NA 

15)  2,  2' , 4, 4*  -TeNEC 

16)  2, 4-DNA 


17)  4-NEC 

18)  2-NEC 

19)  4-NPh 

20)  2,4-DNEC 

21)  4,4’ -DNEC 

22)  EC 

23)  2,4-DNPti 

24)  2,  6-DNPti 

25)  2,4,6-TNPti 


Fig.  1 1 Two  dimensional  thin-layer  chromatogram  of  the  aging  products  of  ethylcentralite 
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Fig.  12  Double  base  propellant.  Aging  products  of  diphenylamine  at  90  °C 


a-N-DPA 


4-N-DPA 


N-N»-4-N-DPA 


2,2’  -DN-DPA 


2, 4’  -DN-DPA 


4,4’  -DN-DPA 


2. 2’,4-TN-DPA 


2,4,4’  -TN-DPA 


2, 2’ , 4, 4’  -TeN-DPA 


2, 2’ , 4, 4’ , fl-PN-DPA 


Hen-N-DPA  < 


Picric  acid 


Lagerunga  celt /T  age 


!■□□□« 
■□□□□□□□I 
■DDDDDIM 

□□□□□□ 


S 


ntiji 


Fig.  13  Double  base  propellant.  Aging  products  of  diphenylamine  at  85  °C' 
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Fig.  14  Double  base  propellant.  Aging  products  of  diphenylamine  at  80  °C 
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Fig  16  Double  base  propellant.  Aging  products  of  akardite  I (diphenylurea)  at  90  °C 
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Fig.  1 7 Double  base  propellant.  Aging  products  of  akardite  II  (methyldiphenylurea)  at  90  °C 
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Fig.  19  Double  base  propellant.  Aging  products  of  ethyl  centralite  at  85  °C 
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SIMPLE  DETERMINATION  OF  THE  MECHANICAL  BEHAVIOUR  OF 
DOUBLE  BASE  ROCKET  PROPELLANTS  UNDER  HICH  LOADING  RATES 

by 

P.J.  Greidanus 
Rocket  Section 

Technological  Laboratory  TNO 
P.O.  Box  45 
Rijswi jk-2100 
The  Netherlands 


SUMMARY 

Solid  rocket  propellants  are  subject  to  high  loading  rates,  e.g.  by  the  pressure 
rise  during  ignition  of  rocket  motors.  Therefore,  the  mechanical  properties  at  high 
loading  rates  are  important  for  a reliable  performance  of  rocket  motors.  Mostly  the 
mechanical  behaviour  is  determined  by  tensile  testing,  but  this  technique  is  complicated 
and  costly. 

In  the  Technological  Laboratory  TNO  two  methods  have  been  applied  and  evaluated 
for  double  base  rocket  propellants:  uniaxial  impact  compression  by  an  instrumented 
drop  weight  apparatus,  and  determination  of  elastic  constants  by  ultrasonic  measurements. 

In  both  methods  specimen  preparation  and  test  execution  are  simple.  Ultrasonic 
measurements  for  the  determination  of  elastic  constants  can  possibly  by  applied  direct- 
ly to  small  rocket  propellant  grains. 

The  ultrasonic  equipment  is  used  in  two  ways:  determination  of  elastic  constants, 
and  localization  of  defects  in  the  propellant  grain. 

In  this  paper  the  investigation  of  the  mechanical  properties  of  some  double-base 
rocket  propellants  by  forementioned  methods  will  be  considered. 


LIST  OF  SYMBOLS 

E Young's  modulus 
F force 
G shear  modulus 
G*  complex  shear  modulus1^ 

G'  real  part  of  complex  shear 
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modulus'^  5 loss  modulus 
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phase  difference  between 
stress  and  strain 
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maximum  strain 
elastic  strain 
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INTRODUCTION 

For  reliable  rocket  motor  performance  the  mechanical  properties  of  propellants  are 
very  important.  The  more  the  mechanical  properties  of  the  solid  rocket  propellant  will 
deteriorate,  the  bigger  the  chance  of  mechanical  failure  or  permanent  deformation  of  the 
propellant  grain;  failure  and  permanent  deformation  are  bound  to  influence  interior 
ballistic  properties  of  the  rocket  motor.  Any  type  of  defect  in  the  propellant  grain 
will  cause  pressure-fluctuations  in  the  rocket  motor;  if  pressure  deviates  too  much  from 
the  pressure-equilibrium  of  the  deflagration,  there  is  a chance  of  continuous  increase 
in  chamber  pressure  and  burning  rate  of  the  rocket  propellant.  In  that  case  explosion 
by  bursting  of  the  rocket  motor  case  is  possible. 

Very  important  characteristics  which  will  influence  the  mechanical  properties  of 
the  rocket  propellant  grain  are  the  chemical  composition,  the  internal  structure  or 
texture,  the  shape,  the  propellant  processing  technique  and  the  history  of  the  propel- 
lant grain.  Common  types  of  solid  rocket  propellants  are  double  base  propellants  and 
composite  propellants;  both  with  polymeric  material  as  their  main  component,  i.e.  cel- 
lulose nitrate  in  the  former  type  of  propellant  and  polyurethane,  polyvinylchloride  or 
polybutadiene  in  the  latter  type.  Both  types  are  regarded  as  filled  polymers.  Because 
of  the  polymeric  backbone  these  solid  propellants  act  Theologically  as  visco-elastic 
materials. 

The  internal  structure  or  texture  is  also  an  important  variable  of  the  mechanical 
behaviour  of  the  propellant  grain.  Texture  describes  approximately  the  strength  between 
the  components  of  the  propellant.  Special  shapes  of  propellant  grains  have  been  designed 
for  a programmed  gas  production  during  the  burning  time  of  the  rocket  motor.  Dependent 
on  the  shape  and  processing  technique  internal  stresses  are  introduced  into  the  propel- 
lant grain.  Some  mechanical  properties  of  the  propellant  grain  such  as  failure  proper- 
ties could  deteriorate  drastically  by  internal  stresses  in  the  propellant. 

Also  environmental  and  transport  history  of  the  propellant  grain  could  influence 
the  mechanical  behaviour.  During  storage  gravity  forces  and  thermal  stresses  in  the 
propellant  grain  will  occur  while  loading  by  vibrations  and  shocks  will  act  during  trans- 
port . 

Failure  of  the  solid  propellant  grain  will  mainly  occur  during  the  fast  pressure 
rise  on  ignition.  For  example  pressure  may  rise  from  0 through  5 MPa  in  the  first  five 
milliseconds.  It  is  evident  that  the  mechanical  behaviour  of  the  propellant  grain  at 
high  loading  rates  is  very  important  for  reliable  rocket  performance. 

Also,  it  is  expected  that  the  mechanical  properties  of  propellants  at  high  loading 
rates  are  more  age-sensitive  than  the  mechanical  properties  at  lower  loading  rates,  e.g. 
in  normal  tensile  tests  (Ref.1).  Because  the  Netherlands  is  not  manufacturing  rocket 
motors,  our  laboratory  is  specialized  in  surveillance  testing  of  old  rocket  motors. 

Within  the  scope  of  surveillance  testing  the  determination  of  age-sensitive  mechanical 
properties,  such  as  mechanical  properties  at  high  loading  rates  is  interesting. 

The  mechanical  properties  of  solid  rocket  propellants  are  both'  temperature  and 
strain  rate  sensitive.  Rate  sensitivity  of  mechanical  properties  is  a typical  feature 
of  visco-elastic  materials.  No  failure  would  occur  if  during  the  short  loading  time 
energy  could  dissipate.  Energy  dissipation  mainly  occurs  by  molecular  motions.  The 
quantity  of  energy  that  dissipates  is  dependent  on  the  relaxation  time. 

A complete  structural  analysis  of  a solid  rocket  propellant  grain  would  be  com- 
plicated, because  of  the  complex  shape  of  the  charge,  especially  at  high  loading  rates. 
Exact  laboratory  simulation  of  the  loading  on  the  charge  during  action  time  of  the 
rocket  motor  would  require  very  complicated  techniques.  In  the  Technological  Laboratory 
TNO  simple  techniques  ire  used  for  the  determination  of  mechanical  properties  of  mate- 
rials at  high  loading  rates. 


EXPERIMENTAL 

For  the  estimation  of  the  mechanical  properties  of  a material  no  difference  exists 
at  molecular  scale  between  uniaxial  compression  deformation  or  uniaxial  tensile  de- 
formation (Ref. 2,3).  Loading  of  a specimen  by  uniaxial  compression  has  experimental 
advantages  over  tensile  loading.  Besides  the  fact  that  machining  of  the  specimen  is 
more  simple,  also  clamprupture  often  occurs  in  tensile  tests.  At  uniaxial  compression 
tests,  however,  no  clamping  is  necessary.  For  the  determination  of  the  mechanical  pro- 
perties at  high  loading  rates  the  Technological  Laboratory  is  using  an  impact  test 
with  uniaxial  compression  loading,  i.e.  the  drop  weight  impact  method  along  withia  non- 
destructive method  based  on  ultrasound,  the  ultrasound  method. 

Ultrasound  techniques  are  frequently  used  in  product  control  and  surveillance  tests 
for  determining  internal  defects  in  propellant  charges. 

Mechanical  and  ultrasonic  properties  of  materials  are  closely  related  (Ref. 4,5). 
The  measurement  of  the  sound  velocities  is  used  to  determine  the  elastic  properties  of 
solid  materials  (see  Appendix  A1). 

Propagation  of  ultrasound  waves  through  materials  causes  dynamic  loading.  Because 
of  the  short  duration  of  the  loading  it  can  be  assumed  that  deformation  occurs  only 
within  the  elastic  region. 

Contrary  to  the  drop  weight  impact  method,  no  failure  properties  could  be  determin- 
ed with  the  ultrasound  method. 
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Prop  weight  impact  method 

The  drop  weight  impact  method  is  based  on  impact  of  a cylindrical  specimen  by  a 
dropping  weight.  In  the  Technological  Laboratory  a modified  Rotterapparatus  is  used  for 
this  purpose.  In  Figure  1 an  outline  of  the  system  is  given. 

Measuring  procedure 

The  loading  rate  could  be  varied  from  1 through  8 m/s  by  dropping  the  weight  from 
different  heights.  The  load  during  the  impact  deformation  of  the  specimen  causes  a signal 
from  the  load-cell,  with  natural  frequency  of  8 KHz.  The  loading  signal  is  amplified  by 
a strain  gauge  amplifier  (Peekel,  type  GRL-1)  and  monitored  on  an  oscilloscope  (Tektronix, 
type  564  Storage  Oscilloscope);  the  oscilloscope  is  triggered  by  a photo-cell.  The  impact 
experiment  is  approximately  similar  to  a dynamic  experiment  at  0,2  KHz. 

The  load-time  curve  is  photographed  from  the  oscilloscope  screen.  From  the  load-time 
relationship  of  the  impact  experiment  a stress-strain  relationship  is  derived  by  using 
numerical  calculation  techniques  (see  Appendix  A2-a) . 

Young's  modulus,  maximum  strain,  maximum  stress  and  failure  criteria  are  derived  from 
the  stress-strain  relationship. 


Simulation  of  loading  during  ignition 

By  rough  calculation  it  can  be  shown  that  loading  during  ignition  of  a solid  pro- 
pellant rocket  motor  may  approximately  be  simulated  by  dropping  a weight  on  a cylindrical- 
ly  shaped  specimen:  t 

The  pressure-impulse,  / pdt, acting  on  a solid  propellant  charge  during  a pressure  rise 
from  0,1  to  10,1  MPa  in°10  ms  would  be  0,5  x 10^  (Ns/m?)  , if  the  average  chamber  pressure 
is  10  MPa. 

By  dropping  a weight,  m (kg),  from  a height,  h (m) , on  a cyl indrically  shaped  speci- 
men with  diameter  12,5  (mm)  the  pressure -impulse  is: 

| ^ ■ 0,36  * 10S  x m h! 
o 

Simulation  of  the  loading  during  ignition  of  forementioned  solid  propellant  charge  will 
occur,  if  the  relation  0,5  x 10^  • 0,36  x 1 0 5 x m hi  holds. 


This  relation  will  hold  if  m » 
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Ultrasound  method 


Short  pulses  of  ultrasonic  waves  are  sent  through  a sample  with  a repetition  fre- 
quency of  65  Hz.  An  outline  of  the  apparatus  is  shown  in  Figure  2. 

The  ultrasonic  part  of  the  apparatus  consists  of  the  Ultrasonic  Flaw  Detector 
MK  III  (CNS  Instruments  Ltd.,  London).  The  four  transducers  are  identical  and  are  ar- 
ranged in  two  pairs.  The  working  frequency  of  the  lead  zirconate  titanate  crystals  in 
the  transducers  is  0,351  MHz.  Both  the  transducers  and  the  sample  are  immersed  in  a 
contact  liquid  in  a thermostated  bath.  The  temperature  can  be  varied  between  -40°C  and 
♦60°C  with  an  accuracy  of  ♦ 0,1°C.  The  sample  is  placed  in  a sample  holder  at  the  bottom 
of  the  bath.  The  bath  is  attached  to  a table  which  can  be  turned  in  a horizontal  plane. 
This  enables  the  sample  to  be  set  under  any  desired  angle  with  the  sound  beam. 

In  Figure  2 the  sample  is  placed  between  one  pair  of  test  transducers.  There  are  two 
liquid-solid  transitions  between  the  test  transducers.  Between  the  others,  the  so-called 
reference  transducers,  only  the  contact  liquid  is  present.  To  eliminate  possible  effects 
from  liquid-solid  transitions,  there  are  also  samples  of  which  a thinner  part  extends 
between  the  reference  transducers.  Then  the  thickness  of  the  sample  is  the  only  difference 
in  sound  path  between  test  transducers  and  reference  transducers. 

When  the  sample  is  placed  perpendicular  to  the  sound  beam,  only  longitudinal  waves 
are  transmitted  through  the  solid.  If  the  sample  is  placed  at  an  oblique  angle  with  the 
sound  beam,  both  longitudinal  and  shear  waves  are  generated  in  the  sample.  Since  the 
longitudinal  sound  velocity  in  the  solid  sample  (c^  ) is  always  higher  than  the  sound 

velocity  in  the  contact  liquid  (c)  , there  will  exist*ma  critical  angle  at  which  longitudi- 
nal waves  are  totally  reflected,  while  shear  waves  are  still  transmitted  through  the 
sample  and  the  shear  wave  velocity  (c  ) can  be  measured. 

The  critical  angle  foT  longitudinal  w8*Ss  (8  ,)  follows  from  Snellius'  law  (Equations 

1 and  2)  8,1 


and  * 
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If  c,  > c and  c < c , then  the  measurement  of  the  shear  wave  velocity  is  possible 
for  ev#?y  0 >6  t . ,mOtherwise,  if  c_  q,  > c , then  6 has  to  fulfil  the  condition 

6 . < 0 < 0„  where  0 is  the  critical  angle  for  shear  waves. 

g.1  g.s  g,s 


Measuring  procedure 

The  temperature  and  the  sound  velocity  of  the  contact  liquid  in  the  bath  are  measur- 
ed. The  sample  is  placed  in  the  liquid  while  perpendicular  or  under  an  angle  6 with  the 
sound  beam,  and  the  time  difference  (At)  in  travelling  the  same  distance  hetween  both 


pairs  of  transducers  is  measured. 

The  following  equations  are  used  (Equations  3,  4,  and  5). 

c At 

q “ ~r 

(3) 

ci,m  * T-q 

(4) 

cg  m * c[l-2q  cose  ♦ q^]  ^ 

(S) 

(Equation  5 is  derived  in  Appendix  A2-b) . 

Before  rotating  the  sample  from  the  perpendicular  position,  the  critical  angle  (e  .) 
is  calculated.  About  15  to  20  circle  degrees  are  added  to  e„  j and  then  the  shear 
wave  velocity  is  measured.  This  addition  is  necessary,  because  the  sound  beam  is  diverg- 
ing. It  is  also  necessary  to  shift  the  position  of  the  receiver  transducer  perpendicular- 
ly to  the  direction  of  the  sound  beam  (see  also  Appendix  A2-b)  . 

From  the  sound  velocities  measured  at  different  temperatures  several  elastic  con- 
stants, such'as  shear  modulus,  bulk  modulus  and  Poisson  ratio  could  be  calculated,  with 
the  aid  of  the  following  relations 

G - p cl 
s 

(6) 

K ■ p(ct, m - * 

(7) 

1- 2(— tJ!)2 

u - c**m  2 

2- 2(5-^) 

ct  ,m 

(81 

It  should  be  mentioned,  that  because  of  the  dynamic  loading  of  viscoelastic  materials 
the  forementioned  variables  are  complex  quantities.  However,  in  this  investigation  the 
assumption  is  made,  that  deformations  are  small  and  occur  only  within  the  pure  elastic 
region,  so  that  the  solid  could  be  considered  pure  elastic.  This  means  no  damping  will 
occur  (see  Appendix  A1). 

From  all  materials  the  expansion  coefficients  must  be  known  for  calculation  of  the 
density  at  different  temperatures.  Expansion  coefficients  of  several  double  base  propel- 
lants by  dilatometer  experiments  are  given  in  Reference  6. 

SAMPLES 

At  20°C  and  SOt  RH  experiments  were  carried  out  on  double  base  rocket  propellant 
N-4  using  the  drop  weight  impact  method.  The  chemical  composition  of  this  11-year-old 
propellant  is  listed  in  Table  I.  The  cy 1 indrical ly  shaped  specimens  had  a diameter  of 
12,5  mm  and  a length  of  25  mm.  All  42  specimens  were  sawn  from  a Sidewinder  rocket  motor 
(M 1 7)  charge  and  subsequently  machined  in  a lathe  to  the  above  dimensions. 

Experiments,  using  the  ultrasound  method  were  carried  out  on  polymethylmethacrylate 
(PMMA)  and  on  four  double  base  rocket  propellant  types,  namely  JPN,  NK865,  OGK  and  N4. 

In  Table  I the  chemical  composition  of  these  propellants  is  listed.  Plane-parallel  speci- 
mens of  80  mm  x 140  mm  were  sawn  and  machined  from  the  different  rocket  motor  charges. 


RESULTS  AND  DISCUSSION 
Prop_  we  i gh  t_imj3act  _5«e  J 

The  impact  experiments  have  been  carried  out  with  drop  weights  of  1,2,3  and  5 kg; 
drop  heights  were  varied  from  0,572  through  3,194  m.  In  Table  II  42  experiments  with  N-4 
propellant  are  listed  and  Figure  3 shows  some  specimens  30  days  after  the  impact  experi- 
ment . 

The  stress-strain  diagram  has  been  determined  and  several  mechanical  properties  of 
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the  propellant,  such  as  maximum  strain,  maximum  stress,  Young's  modulus  and  failure 
criteria  have  been  calculated.  (Table  II). 

From  Figure  4 it  appears  that  experiments  with  drop  weights  of  1 and  2 kg  result 
in  a scattering  of  the  values  of  the  Young's  modulus.  The  scattering  is  mainly  caused 
hy  a decreasing  strain  rate  during  the  elastic  deformation  of  the  specimen.  With  the  5 
and  5 kg  drop  weights  the  strain  rate  will  he  approximately  constant  during  the  deform- 
ation in  the  elastic  region. 

According  to  the  rheological  theory  of  viscoelastic  materials  the  Young's  modulus 
increases  with  increasing  strain  rate.  Inaccurate  centering  of  the  specimen  on  the  load 
cell  and  inhomogeneities  of  the  propellant  could  explain  the  extreme  difference  between 
some  results. 

Maximum  strain  (e  x)  and  maximum  stress  Comax)  are  reached  when  the  strain  rate  has  de- 
creased to  zero.  Trom  Figures  5 and  6 it  appears  that  e and  , as  the  Young's  modu- 

lus with  increasing  strain  rate  and  with  increasing  mass  of  the  drop  weight.  The  kinetic 
energy  of  the  drop  weight  is  mainly  used  for  deformation  of  the  specimen. 

Maximum  strain  is  divided  into  two  types  of  strain,  the  elastic  strain  (eei)  and 
the  plastic  strain  (cpj).  Elastic  strain  will  be  the  sum  of  any  type  of  elastic  deform- 
ation, e.g.  pure  elastic  deformation,  but  also  viscoelastic  deformation.  Plastic  strain 
is  that  part  of  the  strain  which  will  cause  permanent  deformation. 

Mostly  the  deformation  within  the  elastic  region  will  recover  completely,  so  that 
the  recovered  st rain , (e rpf ) is  equal  to  the  elastic  strain  (ee]).  For  the  plastic  strain 
the  following  relation  will  hold: 

e , ■ e - e 
pi  max  rec 

From  Figure  7 it  appears  that  plastic  deformation  starts  at  e *0,52, the  yield  point, 
and  that  the  plastic  deformation  increases  with  increasing  impact  energy.  The  marked 
symbols  refer  to  the  experiments  with  failure.  A part  of  the  elastic  energy  will  be 
consumed  by  failure  of  the  propellant:  this  part  of  the  elastic  energy  is  not  used  for 
recovering,  so  that  the  recovered  strain  is  lower  in  experiments  with  failure  of  the 
specimen. 

It  appears  from  Figure  8 that  a nearly  linear  relation  exists  between  maximum 
stress  (omax)  and  maximum  strain  (£max)-  For  N-4  propellant  specimens  with  permanent 
deformation  approximate  calculation  of  omax  is  possible,  using  this  linear  relationship 
between  omax  andemajt  and  assuming  that  plastic  deformation  will  occur  at  e > 0,32. 

Failure  criteria  for  N-4  propellant  specimen  are  tmax  > 0,50  and  o_ax  > 80  MN/m2. 

No  failure  of  an  N-4  propellant  grain  could  be  concluded  on  the  basis  of  the  following 
arguments.  During  functioning  many  solid  propellant  rocket  motors  have  an  average  pres- 
sure of  approximately  10  MPa;  the  bulk  compression  loading  of  the  solid  propellant  grain 
will  be  10  MN/m2  ») . From  the  impact  experiments  at  20°C  it  appears  that  failure  of  the 
N-4  propellant  specimens  hv  uniaxial  compression  loading  occurs  when  stress  will  exceed 
80  MN/m2.  Mears  et  al . (Ref. 7)  found  that  failure  hy  uniaxial  compression  loading  occurs 
at  lower  stresses  than  by  bulk  compression  loading,  so  that  no  failure  of  the  N-4  pro- 
pellant grain  during  functioning  is  expected.  Also,  considering  the  pressure  impulse 
will  lead  to  this  conclusion.  Impact  experiments  with  failure  occur  within  5 ms  and  have 
a pressure  impulse  of  more  than  1,75x10$  Ns/m2 , while  ignition  of  a Sidewinder  rocket 
motor  at  20°C  will  give  in  the  first  5 ms  a pressure  impulse  of  0,18x10$  Ng/m2  (Ref. 8). 

Determination  of  the  Poisson  ratio  at  20°  of  N-4  propellant  gives  a value  of  ap- 
proximately 0,40  , which  is  in  agreement  with  the  Poisson  ratio  expected  via  the  ultra- 
sound method. 


yi?r?59yDd_meth°d 

In  Figures  10a, b,c  and  d the  results  of  measurements  of  PMMA  are  compared  with 
values  from  literature.  Measurements  with  PMMA  were  carried  out  as  a check  of  the  appa- 
ratus and  of  the  measuring  procedure.  By  comparing  curves  2 and  3 of  Figure  10a,  it  ap- 
pears that  a correction  is  desirable  when  the  solid-liquid  transitions  between  the 
reference  transducers  are  absent.  Moreover,  a difference  (33)  appears  when  different 
contact  liquids  are  used. 

PMMA  has  a glass  transition  temperature  T_  of  105°C  (Ref .9) . Besides  this  transit- 
ion Wada  (Ref.  10)  observes  a secondary  transition  at  temperature  T„  (T'  =s  67°C)  , about 
30°C  lower  than  T„.  There  are  two  possible  interpretations  for  theKmol0cular  mechanism 
involved  in  this  phenomenon,  namely,  the  rotation  of  side  groups  of  chain  polymers,  the 
so-called  "B-t rans i t ion" , and  the  rotation  of  the  end  parts  of  backbone  chains. 

Besides,  the  transition  temperatures  just  mentioned  are  measured  statically  and  will 
increase  with  increased  loading  rates  of  the  dynamic-mechanical  measuring  techniques, 
according  to  the  rheological  theories  of  viscoelastic  materials.  The  almost  horizontal 
curve  of  Figure  10c  and  lOd  refers  to  the  glassy  state  of  PMMA  in  this  temperature 
range. 



'Loading  of  the  uniaxial  compression  of  N-4  propellant  is  parallel  to  the  extrusion 
direction  of  the  propellant  grain.  During  ignition  mostly  radial  loading  occurs; 
results  from  other  investigations  show  that  for  example,  for  JPN-propel 1 ant  no 
difference  in  failure  criteria  exists  by  radial  loading  and  by  loading  in  extrusion 
direction. 


Sorokin  et  al.  (Ref. 11)  studied  the  cellulose  nitrate-glycerol  trinitrate  system  with 
the  aid  of  DTA- techn iques . They  found  a secondary  transition  at  about  35°C  for  30-401 
(by  weight)  ON.  In  Figures  11a, b,c  and  d the  longitudinal  and  transversal  velocity,  the 
shear  modulus  and  the  compression  modulus  are  plotted  against  temperature  for  the  four 
propellant  types. 

Contrary  to  the  results  of  PMMA  there  is  a marked  downward  slope  of  the  curves  with 
increasing  temperature  but  in  Figures  11c  and  lid  there  is  no  strong  evidence  of  a B-  or 
y-tranistion  in  the  range  in  which  measurements  were  done.  The  curves  of  the  shear  modu- 
lus are  much  steeper  than  the  curve  of  the  shear  modulus  of  PMMA. 

This  slope  of  the  shear  modulus  suggests  a transition  region.  Normally,  the  shear 
modulus  of  polymers  decreases  several  decades  in  a short  temperature  range  or  time  range 
when  passing  the  glass  transition.  The  double  base  rocket  propellants  are  to  be  consider- 
ed polymers  with  a large  amount  of  fillers.  Such  compositions  show  a broadening  of  the 
glass  transition. 

The  ratio  of  weight  percentage  of  cellulose  nitrate  (CN)  and  glycerol  trinitrate 
(GN)  , weight  1 CN/weight  1 GN,  is  1,20  for  JPN  propellant;  for  N-4,  NK865  and  OGK  pro- 
pellant this  ratio  is  1,55,  2,18  and  2,33  respectively  (see  Table  I).  The  glycerol  tri- 
nitrate and  the  other  compounds  are  more  likely  to  show  interaction  with  the  water/glycol 
contact  liquid  than  with  the  silicone  oil.  See  for  instance  Figure  11a.  The  longitudinal 
sound  velocity  of  JPN,  measured  with  water/glycol  as  contact  liquid  is  about  51  higher 
than  with  silicone  oil.  There  are  also  differences  in  the  transversal  sound  velocities, 
but  these  are  smaller  and  are  not  significant  for  the  given  figures. 

It  should  be  mentioned  that  all  samples  are  regarded  as  pure  elastic  solids.  Damping 
does  not  occur  in  that  case.  In  Appendix  Al  the  influence  of  the  damping  properties  on 
the  measured  mechanical  properties  is  introduced.  It  appears  from  recent  damping  invest- 
igations that  the  accuracy  of  the  calculated  moduli  will  decrease  to  approximately  51 
of  the  corresponding  storage  moduli  with  increasing  temperature.  Consequently  the  sug- 
gested transition  region  at  about  35°C  by  Sorokin  et  al.  will  become  more  significant. 

This  investigation  has  to  be  considered  within  the  scope  of  the  investigation  into 
the  possibility  of  non-destructive  determination  of  sound  velocities  and  damping  by  the 
application  of  ultrasound  method  directly  to  small  propellant  charges. 

Because  the  mechanical  properties  at  high  loading  rates  are  expected  to  be  more 
age-sensitive  than  at  lower  loading  rates  it  is  suggested  to  introduce  these  types  of 
methods  in  product  testing.  Then,  the  specimens  need  not  be  moulded,  but  have  to  be 
sampled  from  final  propellant  charges.  Surveillance  testing  will  thus  become  more  reli- 
able and  valuable. 


RELATIONS  OF  ULTRASOUND  PROPERTIES  AND  VISCOELASTIC  PROPERTIES 


APPENDIX  Al 


In  solids  longitudinal  and  transversal  waves  may  occur.  If  the  dimensions  of  the 
sample  in  all  directions  are  large  as  compared  with  the  wavelength  then  the  propagation 
of  the  waves  through  the  solid  causes  uniaxial  compression  loading  (Ref.  4,5).  For  the 
uniaxial  compression  modulus  or  longitudinal  modulus  the  following  equation  holds: 

M ■ P cl  (A1-1) 

Analogous  to  Equation  A1-1  will  hold  for  the  shear  modulus, 

r-  * D c*  (A1-2) 

It  should  be  borne  in  mind  that  in  the  derivation  of  the  elastic  properties  three 
assumptions  have  been  made  (Ref. 12). 

1.  The  solids  are  isotropic. 

2.  The  deformations  are  small  so  that  the  applied  force  is  proportional 
to  the  resulting  deformation  (Hooke's  law). 

3.  The  superposition  principle  of  Boltzmann  holds: 

The  total  deformation  resulting  from  different  forces  applied  at  different 
times  is  equal  to  the  sum  of  these  deformations. 


Using  these  assumptions  different  types  of  moduli  such  as  the  Young's  modulus,  bulk 
modulus,  the  Poisson  modulus  or  Poisson  ratio,  can  be  calculated.  The  different  moduli 
are  related  by  the  following  equations  (Ref. 13): 


E - 2 G ( 1 ♦ u ) 

K - E/3(1-2u) 

M - K ♦ ^ G 

From  Equations  A1-3,  A1-4  and  A1-5  the  Poisson  ratio  is  derived 

..  _ M-2G 

u ZTVT-GT 


(Al - 3) 
( A 1 - 4 ) 
(A1-S) 


(A1-6) 


However,  as  mentioned  before  solid  rocket  propellants  act 
elastic  materials. 

For  viscoelastic  substances  the  relationships  between  the 
complicated.  In  ultrasound  measurements  a sinusoidal  strain  is 


Theologically  as  visco- 

different  moduli  are  more 
imposed  on  a viscoelastic 
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solid.  The  strain  is  written  in  complex  notation  as  follows: 

Y*  * y0  exp  (iwt)  (A1-7) 

Because  of  the  viscoelasticity  the  resulting  stress  amounts  to: 

a*  * ag  exp  {i(wt+4)}  (A1-8) 

If  4-0,  then  the  sample  is  elastic  and  if  0 < 4 < n/2  the  sample  is  viscoelastic. 

In  dynamic-mechanical  experiments,  such  as  ultrasound  experiments  all  moduli  are 
complex.  For  example  the  complex  shear  modulus  will  amount  to: 

G*  - o*/y*  * fo0/Y0)  exp  f i 4)  - 
• (oo/Y0)(cos4+isin4)  - G'  ♦ iG"  (A1-9) 

G'  is  the  storage  modulus  which  represents  the  elastic  response  of  the  material  and 
G"  is  the  loss  modulus  which  describes  the  viscous  behaviour.  The  deformation  energy  in 
the  viscous  region  is  lost  as  heat.  The  quotient  of  G"  and  G'  is  the  damping  or  loss 
factor. 

In  order  to  apply  Equations  A1-1  and  A1-2  to  viscoelastic  solids  the  moduli  are  re- 
placed by  complex  quantities,  e.g. 


G*  - 

( A 1 - 1 0 ) 

The  complexity  of  the  shear  wave  velocity  c*  m amounts  to: 

* 

c « 

c ' ♦ ic" 

C A 1 -11) 

s 

s s 

Combining  Equations  A 1 - 1 0 and 

A1-  1 1 gives : 

G'  - 

o((c')2  - (c”)2> 

(A1-12) 

G"  - 

2 pc’  Cs- 

CA 1 — 13) 

In  the  complex  notation  the  wave  equation  can  be  written  as  Equation  A1-14: 
U ■ Un  exp(iu(t-  } * U0  expfiwtiexp 


The  total  attenuation  can  be  divided  into  attentuation  by  reflection  losses  from  the 
liquid  solid  transitions  and  attenuation  by  viscous  losses  from  energy  dissipation  in 
the  sample,  described  by  a . 


r ■ 


Mostly  suitable  liquids  are  chosen  so  that  the  former  type  of  attenuation  will  be 
negligible.  However,  Waterman  (Ref. 14)  and  recent  investigations  in  our  laboratory  have 
shown  that  attenuation  bv  reflection  losses  from  the  liquid  solid  transitions  become 


/P 


-s  ,m- 


In  that  case  determination  of  a 


s ,m 


and 


's  ,m 


is  not  pos- 


very  impprtant  if  c 
sible  anymore. 

It  should  be  mentioned  that  in  experiments  with  low  attenuation  G"  will  be  negligi- 
ble and  G*  will  be  approximately  equal  to  G(*  pc|  ) . 


N.B.  The  linear  absorption  coefficient  is  usually  determined  in  dB/m;  this  quantity  is 
8,686  times  as  large  as  used  in  forement ioned  relations,  which  are  expressed  in  Nepers/m. 


CALCULATION  STRESS-STRAIN  RELATIONSHIP 


APPF.NDI X A2-a 


During  deformation  of  the  material  the  drop  weight  decelerates.  The  velocity  of  the 
weight  with  mass  m will  decrease  to  zero. 

At  any  time  t during  the  deformation  holds: 

F(t)  - m a(t)  (A2-a-  1 ) 


Deceleration  and  velocity  are  related  by  the  following  relation: 

v(t)  ■ v(0)  ♦ } a(t)  dt 
o 

Combination  with  Equation  A2-a-1 , gives: 


(A2-a-2) 


v(t)  - v (0)  ♦ 1 J F (t)  dt 
o 


(A2-a-3) 


The  velocity  at  t“0  is  defined  by  drop  height  and 


v(0)  - (2  g h) 


i 


(A2-a-4) 


The  displacement  of  the  drop  weight  during  the  deformation  at  time  t is: 


J(t)  • / v ( t ) dt 

o 

Also  t(t)  is  the  deformation  of  the  specimen. 
Strain  at  time  t amounts  to: 

e(t)  - t(t)/l(0) 


(A2-a-5) 


(A2-a-6) 


Combining  Equations  A2-a-3,  A2-a-S  and  A2-a-6  will  result  in  the  following  expression  for 
the  strain  at  time  t: 

t t 


(t)  - I" v (0)  t ♦ I / ( / F(t)  dt)dtl  /t(0)  (A2-a-7) 

L 0 0 -* 


For  the  stress  at  time  t holds: 

o(t)  - F(t)/0 


(A2-a-8) 


At  any  time  t o(t)  and  e(t)  can  be  calculated.  For  calculation  of  the  double  integrals 
numerical  techniques  were  used. 

Numerical  calculation  of  the  strain  was  carried  out  on  a PDP-11  computer  (Digital 
Equipment  Corporation).  Control  of  the  calculation  was  done  by  high  speed  filming  of 
the  impact  experiment.  Fcr  this  purpose  a HYCAM  ISO  M high-speed  camera  producing  8000 
frames  per  second  was  used.  From  Figure  9 it  appears  that  the  numerical  calculation  of 
strain  gives  results  within  the  measuring  accuracy  of  the  system. 


DERIVATION  OF  c - c 

s , m 


2q  cose 


According  to  Snellius'  law: 

sine  m sin» 
c c_ 


In  6 ADC  : AC  * d/cos* 


APPENDIX  A2-b 


(A2-b- 1 ) 
(A2-b-2) 
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and  in  A ABC: 

AB  * AC  cos(*-6)  * d cos  (*-e)/cos*  (A2-b-3) 

If  there  is  no  sample  present,  the  sound  wave  will  travel  a distance  through  the  liquid, 


AB  = c t 


2 


(A2-b-4) 


where  t2  is  the  travelling  time.  In  the  sample  the  sound  wave  will  follow  path  AC. 
so  hu  - c_  v,  (A2-b-5) 


AC  * c t. 
m l 


where  t1  is  again  the  travelling  time.  Hence  the  time  difference,  At,  with  and  without 
sample , is : 

t - t . At  . AB  . AC  . d [ cosj*jr)  _ 1 

2 cm  ms?  L c cm  J 

“ ' ^ [co»(*-e)  - I"  ] 


or: 


At  c 
cT~ 


(A2-b-6) 


Combining  Equation  A2-b-6  with  Equation  A2-b-1  yields 


sin6 


q cos <t>  - cos<t>  cos9  ♦ sin4>  sin©  - 


or: 


cos*  (cos6-q)  - sin9  * sin*)  * sine|?^A  (A2-b-7) 


Rearranging  gives: 

_ sine 

tan,<’  cdsF-q 

Using  again  Equations  A2-b-1  and  A2-b-8  this  results  in: 

2.  . sin2*  _ (cm/c)2sin26 

t an 


sin^8 


1 -sin^*  1-(cm/c)tsint6  (cos6-q) 
-1 


or: 


1 


cm  * c £q  ^ - 2q  cose  ♦ 1 j 


(A2-b-8) 


(A2-b-9) 


(A2-b- 10) 


With  6 ■ 0 , Equation  A2-b-10  becomes 

cm  " T-q  ’ (A2-b-1 1 ) 

It  is  easy  to  derive  that  the  shift  of  the  sound  beam,  BC,  equals: 

BC  - d T6s*~~J  (A2-b- 1 2) 
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TABLE  I.  Composition  of  the  investigated,  double  base  rocket  propellants 


constituent 

pei 

cent,  by  weight 

JPN 

NK  865 

OGK 

N-4 

cellulose  nitrate 

51,1 

59 ,2 

56 ,7 

50,9 

glycerol  trinitrate 

42  ,7S 

27,2 

24,3 

32  ,9 

diethyl  phtalate 

3,3 

10,7 

dioctyl  phtalate 

3,1 

diphenyl  amine 

0,9 

2-nit rodi phenyl  amine 

1 ,7 

2,1 

N,N'-diethyl-N,N'  diphenylurea 

1,1 

4,9 

t ri acet ine 

10,2 

methyl  phenylurethane 

4,9 

potassium  sulfate 

1 ,23 

1,5 

lead  stearate 

3,3 

0,7 

graphite 

0,19 

0,1 

0,1 

vaseline 

2 ,9 

moisture 

0,23 

0,5 

0,5 

solvent 

0 ,10 

0,2 

0,2 

specific  gravity  (kg/m"') 

1630 

1550 

1560 

1553 
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TABU:  II.  Prop  weight  impact  experiments  with  N-4  propellant 


Specimen 

no. 

Drop  weight 
mass 
m 

Drop  height 
h 

Initial 
strain  rate 

w 

Impact 
ene  rgy 
(t-0) 

Pressure 

impulse 

Strain 
(after 
30  days) 
£ 

Maximum 

strain 

max 

... 

Max imum 
st  jess 
max 

Young ' s 
modulus 

F. 

kg 

m 

s“  T 

Nm 

Hs/m^x  105 

*MN/m2 

csnojB 

528 

0,588 

135,9 

5,77 

0,278 

0,110 

21,78 

493,0 

571 

0,588 

137,0 

5,77 

0,278 

0 ,00 

0,116 

20,46 

427,7 

526 

1 ,088 

183,4 

10  ,68 

0,348 

0 ,02 

0,154 

27,77 

677,1 

550 

i 

1 ,088 

185,6 

10  ,68 

0,348 

0 ,00 

0 ,174 

2S.79 

421  ,5 

5 52 

1 ,776 

2 34 ,3 

17,43 

0,482 

0,222 

33,05 

586 , 1 

564 

1 ,776 

237,1 

17,43 

0,482 

0,219 

32,91 

686  ,6 

558 

2,483 

280  ,4 

24,36 

0,00 

0,268 

41,16 

577  ,9 

547 

2,483 

280 ,4 

24  ,36 

0 ,268 

41  ,40 

463,2 

525 

3,187 

31  ,27 

0 ,646 

50  ,96 

800  ,0 

594 

3,187 

31  ,27 

0 ,646 

0,02 

0,314 

48,94 

723,0 

599 

0 ,573 

134 ,7 

1 1 ,25 

0,547 

0,00 

0 ,153 

28,85 

659,1 

595 

0,573 

135,2 

11,25 

0,547 

0 ,160 

28,68 

508,4 

596 

1 ,033 

- 

- 

- 

- 

- 

582 

1 ,083 

- 

- 

- 

0 ,00 

- 

- 

517 

1 ,768 

234  ,7 

21,25 

0 ,962 

53,00 

864 ,8 

577 

1 ,768 

235,6 

21  ,25 

0 ,962 

0 ,00 

0,336 

52  ,85 

678  ,9 

520 

2 

2,272 

268,2 

34 ,70 

1 ,091 

0 ,01 

62,70 

720 , 1 

549 

2,272 

268,2 

34,70 

1 ,091 

0,379 

65,70 

999  ,6 

595 

2 ,767 

294  ,8 

44  ,59 

0 ,09 

0 ,414 

76  ,21 

842  ,3 

583 

2,767 

296,0 

44 ,59 

1,203 

0,07 

0,413 

71  ,99 

815,5 

537 

3,180 

317,3 

62  ,41 

1 ,290 

0,11 

0,441 

83,18 

811  ,2 

523 

3,180 

318,6 

62  ,41 

1 ,290 

0,13 

0,441 

79 ,41 

829,6 

591 

0,572 

1 34,0 

16,84 

0,820 

0 ,00 

0,238 

32,10 

487  ,4 

527 

0 ,572 

134  ,6 

16 ,84 

0 ,820 

0,00 

0 ,241 

31  ,51 

424  ,4 

585 

1 ,080 

184,2 

31,79 

1,127 

0,06 

0 ,32  3 

48,99 

591,0 

543 

1 ,080 

184,2 

31  ,79 

1,127 

0 ,03 

0,303 

52,51 

529 

1 ,790 

237  ,0 

52,70 

1 ,452 

0,08 

0,405 

72,52 

587,1 

512 

_ 

1 ,790 

237  ,0 

52,70 

1 ,452 

0 ,09 

0,411 

70,52 

612,7 

590 

2,489 

279  ,6 

73,28 

1,712 

0,19 

0 ,485 

87,04 

731  ,6 

515 

2,489 

281,8 

73,28 

1,712 

0,24 

0,505 

81,36 

780,4 

539* 

2,795 

297,5 

82  ,28 

1 ,815 

0,24 

0,502 

84  ,96 

744,1 

592* 

2,795 

296,3 

82  ,28 

1,815 

0,25 

87,04 

764,8 

578 

3,194 

316,7 

94  ,03 

0,38 

0,539 

90  ,63 

793,7 

524 

3,194 

- 

- 

0,50 

“ 

“ 

542 

0,577 

134,6 

28,31 

1 ,376 

0 ,05 

0,317 

44  ,68 

534  ,0 

560 

135,2 

28,31 

1 ,376 

(MM 

46,83 

577,0 

541 

1 ,084 

184,5 

5 3,15 

1 ,882 

0,11 

MIiM 

73,80 

1363,8 

5 

1 ,084 

- 

- 

- 

0,09 

- 

- 

1 ,781 

237,4 

87 ,39 

2,412 

0,34 

0,541 

86,17 

728,3 

559 

1 ,781 

2 36 ,5 

8 7,39 

2,412 

0,39 

85,54 

643,7 

548 

1,881 

245,8 

02  ,29 

2,498 

0,45 

87,02 

691,7 

562 

1 ,973 

248  ,9 

06,81 

2 ,539 

0,42 

0,584 

89,52 

789  ,9 

‘Specimens  with  failure. 
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rig. 1 Outline  of  the  drop  weight  impact  apparatus 
and  measuring  system.  l.Load  cell,  2. Strain 
gauge  amplifier,  3. Oscilloscope,  4. Signal  in- 
put, 5. Trigger  input,  6. Photocell,  7. Power 
supply,  8. Drop  weight,  9. Electromagnet , 10. 
Pneumatic  recapture  system  for  drop  weight, 
11.  Switch,  12.  Photocamera,  13. Sample. 


I 1*1 

591  529  524  542 


Pig. 2 Outline  of  the  Ultrasonic  flaw  Detector 

MK  III  and  the  sample  mounting.  1. Sample, 

2 .Transducer! sender) , 3. Transducer! receiver), 
4.Thermostated  bath,  S. Indexed  turntable, 

6. Amplifier,  7. Power  supply,  8. Attenuator, 

9. Oscilloscope , 10. Transducer  displacement 
device. 


Fig. 3 Some  N-4  propellant  samples  30  days  after 
the  drop  weight  impact  experiments. 


Tig. 4 Young's  modulus  versus  strain  rate  for 
different  drop  weights.  (N-4  propellant) 


Fig. 5 Maximum  strain  versus  strain  rate  for 

drop  weight  masses  of  1 kg  (A),  2 kg  !□), 
3 kg  (0)  and  5 kg  (O).  (N-4  propellant) 


21-13 


fig. 6 Maximum  stress  versus  strain  rate  for 
drop  weight  masses  of  1 kg  (A),  2 kg 
(□),  3 kg  (0)  and  5 kg  (O). 


Fig. 7 Impact  energy  versus  maximum  strain  (open  symbols)  and 
recovered  strain  (solid  symbols).  (A  1 kg,  a 2 kg, 

0 3 kg,  O 5 kg).  N.B.  Marked  sympols  refer  to  failure. 
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Fig. 8 Maximum  stress  versus  maximum  strain  for 
drop  weight  masses  of  1 kg  (A),  7 kg  (□), 
3 kg  (0)  and  5 kg  (O). 

M.B.  Marked  symbols  refer  to  failure. 
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Fig. 9 Specimen  length  versus  time  by  numerical 
calculation  (x)  and  by  calculation  from 
high  speed  filming  (□). 
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ig.10  Longitudinal  sound  velocity  (a),  transversal  sound  velocity  (b),  compression  modulus  (c) 

and  shear  modulus  (d)  versus  temperature  for  PMMA.  1.  HjO/glycol,  2. Silicone  oil,  3. Silicone 
oil,  without  reference  transducer  correction,  4.  HjO,  after  Kono  (Ref. 15),  5. After  Asay 
(Ref. 16),  6. After  Hartmann  (Ref. 17). 

N.B.  Figure  lOd.  Solid  line  (present  work),  x (Ref. 10),  0 (Ref. 15),  O (Ref. 17). 
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Fig  .11  Longitudinal  sound  velocity  (a),  transversal  sound  velocity  (b),  compression  modulus(c)  and  shear 
modulus  (d)  versus  temperature  for  various  double  base  propellants  in  silicone  oil. 

1*.  JPN  in  HjO/glycol , 1.  JPN,  2.  NK865,  3.  OGK,  4.  N-4. 
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RESUME 

l.es  armements  classiques  ou  3 propulseurs  engendrent , au  moment  du  tir,  des  ondes 
de  pression  sous  forme  de  bruits  impulsifs  complexes,  3 fronts  de  mont£e  tr£s  raides.  11 
est  nfcessaire  d 'enregi st re r ces  variations  de  pression  avec  le  plus  d'exactitude  pos- 
sible afin  de  pouvoir  ^valuer,  3 l'aide  des  grandeurs  caractfirist iques  des  profils  de 
pression,  leurs  effets  sur  du  personnel  ou  des  structures.  Des  dispositifs  de  mesure  et 
d 'exp£ r iment at  ion  rdpondant  3 des  specifications  sfivires  s'avdrent  ind ispensables . 

L'exposition  3 des  bruits  impulsifs  entralne  des  lesions  de  1'appareil  auditif. 

Ces  lAsions  peuvent  affecter  l'oreille  moyenne  et  l'oreille  interne.  Diverses  normes  li- 
mites  d'exposition  ont  €t€  propos€es  en  fonction  de  la  surpression  de  cr£te,  de  la  dur6e 
et  du  nombre  d ’ expos  it  ions  pendant  une  p£riode  donn£e  (normes  de  Pfander,  Coles..). 

L'application  de  ces  normes  pose  de  nombreux  problfimes  en  ce  qui  concerne  les 
bruits  impulsifs  de  haut  niveau  produits  par  les  armes  du  type  lance-roquettes . 


I.  METHODES  DE  MESURE  DES  BRUITS  IMPULSIFS 

Les  difficulty  mfctrologiques  rencontrfes  au  cours  de  1 'enregistrement  precis 
d’ondes  de  choc  afiriennes  3 front  de  compression  trds  raide  sont  dues,  en  particulier, 
aux  imperfections  que  prdsentent  les  capteurs  de  pression  mdcanod lect riques  (1).  Par 
contre,  les  elements  de  transmission  et  d ’ ampl i f icat ion  ainsi  que  les  appareils  enre- 
gistreurs  rdpondent  en  general  aux  specifications  requises. 

Les  t ransducteurs  de  pression  commercialises,  susceptibles  d'etre  utilises  sur  les 
terrains  d 'experiences  pour  1 'enregistrement  des  ondes  de  choc,  presentent  des  principes 
de  fonctionnement  differents.  On  peut  distinguer  les  capteurs  piezoeiect riques , les  cap- 
teurs piezoresistifs  et  les  sondes  capacitives.  Le  choix  du  transducteur  sera  determine 
par  1 'etude  envisagee. 

Les  caracteristiques  techniques  imposees  aux  sondes  de  pression  sont  les  suivan- 

tes  : 

1.  dimensions  reduites,  afin  d'eviter  toute  perturbation  genante  du  champ  de  pression  ; 

2.  domaine  de  mesure  suffisamment  grand  permettant  d 'enregistrer  tous  les  bruits  impul- 

sifs concernes  ; 

3 sensibilite  aussi  constante  que  possible  dans  tout  le  domaine  de  mesure  ; 

4.  large  bande  de  frequence  avec  des  frequences  de  coupure  inferieures  et  superieures, 

adaptCes  3 la  duree  du  signal  et  aux  chocs  de  pression  3 front  raide  ; 

5.  reponse  en  frequence  lineaire  dans  tout  le  domaine  de  pression  ; 1 'apparition  de 

frequences  de  resonance  secondaives  inferieures  3 la  frequence  de  resonance  princi- 
pal est  proscrite  ; 

6.  bonne  fideiite  dans  le  temps  ; 

7.  faible  influence  de  la  temperature  sur  la  sensibilite  ; 

8.  insensibilite  aux  forces  d ' accC ie rat  ion  ; 

9.  phenom6nes  de  derive  et  d'hysteresis  peu  prononces  ; 

10.  construction  resistant  aux  intemperies  pour  1 ' ut i 1 i sat  ion  des  sondes  en  plein  air. 

Les  exigences  enumCrees  sont  tellement  variCes  et,  en  partie,  en  contradiction  les 
unes  avec  les  autres  qu'il  n'est  guire  possible  de  les  satisfaire  3 tout  point  de  vue. 

De  l'ensemble  des  sondes  disponibles,  on  peut  choisir,  en  procedant  3 une  optimisation, 
le  type  de  capteur  qui  prfisente  les  caractfiristiques  les  mieux  approprifies  aux  mesures 
envisages. 

Parmi  les  nombreux  transducteurs  de  pression  vendus  par  l'industrie,  les  quatre 
modules  prfsentis  sur  la  figure  1 ont  eu,  3 cause  de  leurs  dimensions  rfduites,  notre 
preference  et  ont  permis  d’acquerir  de  nombreuses  experiences  relatives  aux  techniques 
de  mesure. 

II  s'agit  d'un  capteur  piezoeiectrique  de  diametre  6,3  mm  de  la  firme  KISTLER 
(Suisse),  de  deux  sondes  piezores i st i ves  de  diam£tre  1.3  mm  et  2 mm  de  la  firme  KULITE 
(USA)  et  d’un  microphone  capacitif  1/8"  de  la  firme  BRUEL  & KJAER  (Danemark) . Leurs  fre- 
quences de  resonance  se  situent,  selon  le  mod£le,  entre  200  et  7S0  kHz.  La  membrane  du 
microphone  est  fortement  amort ie,  de  sorte  qu'une  frequence  de  coupure  supCrieure  de 
140  kHz  est  atteinte. 

Dans  le  cas  d'un  choc  raide,  les  frequences  de  resonance  sont  excit£es  et  les  os- 
cillations resultantes  se  superposent  au  signal  de  mesure.  II  s'avftre  done  indispensable, 
en  vue  de  Sexploitation  des  signatures  de  pression  enregistrees , d'eiiminer  les  oscil- 
lations dues  3 la  resonance  en  pla;ant  un  filtre  passe-bas  dans  la  chatne  de  mesure.  Ce- 
pendant,  aprds  filtrage,  le  temps  de  mont£e  du  signal  61ectrique  est  plus  long  que  le 
front  de  mont£e  du  choc  de  pression,  de  sorte  que  l'on  note  une  legdre  distorsion  du 


profil  de  pression  enregistrd  et  une  erreur  d’amplitude  plus  ou  moins  prononcde,  dont  la 
valeur  ddpend  de  la  durde  et  de  la  forme  de  l'impulsion  de  pression. 

Les  supports  des  capteurs  et  leur  disposition  dans  le  champ  de  pression  ont  dgale- 
ment  une  certaine  importance.  Leur  forme  et  leur  disposition  varient  suivant  que  l'on 
ddsire  enregistrer  1 'onde  de  pression  en  champ  libre,  non  perturbde  par  la  presence  de 
la  sonde,  ou  effectuer  des  mesures  de  pression  sur  les  structures. 

Pour  les  mesures  en  champ  libre,  nousavons  dlabord  des  sondes-aigui 1 les  de  dia- 
mdtre  2 mm,  4 mm  ou  8 mm,  prdsentdes  sur  la  figure  2.  La  membrane  des  capteurs  affleure 
1 'une  des  extrdmitds  de  la  sonde  tandis  que  l'autre  extrdmitd  est  dquipde  d'un  connec- 
teur.  Les  dimensions  des  sondes,  dictdes  par  les  diamdtres  des  capteurs  utilises,  ont 
dtd  maintenues  aussi  faibles  que  possible  afin  d'obtenir  des  enregistrements  quasi- 
ponctuels  et  inddpendants  de  l'angle  d' incidence  de  l'onde  de  choc  121.  En  effet,  un 
bruit  impulsif  n'atteint  pas  seulement  directement  la  sonde  de  mesure,  mais  aussi  indi- 
rectement,  aprds  reflexion  sur  le  sol  ou  sur  d'autres  surfaces.  La  figure  3 prdsente  un 
tel  exemple  de  bruit  d'armts. 

Le  phdnomdne  sonore  global  est  formd  de  diffdrentes  composantes  qui  atteignent  la 
membrane  du  capteur  sous  des  angles  d'incidence  variables  ( 3 J . Elies  peuvent  s'y  rdfld- 
chir  de  fai;on  frontale  ou  oblique  ou  passer  t angent  ie  1 lement . De  la  sorte,  elles  su-. 
bi'Sent  des  transformations  d'amplitude  plus  ou  moins  accentudes  qui  seraient  ndgligea- 
bles  pour  une  mesure  quas i-ponctuel le . Le  profil  de  pression  sera  d'autant  moins  faussd 
que  le  diamdtre  de  la  sonde  est  faible.  Malheureusement,  la  resistance  mecanique  de 
sondes  de  81  2 mm  n'est  plus  parfaite  et  leur  utilisation  aux  champs  de  tir  est  limitde. 

Une  commission  d'experts  f ranco-al lemands  a dlabord  un  projet  d ' un i formi sat  ion  des 
techniques  de  mesure  des  bruits  d'armes  et  de  leur  evaluation  en  vue  de  rendre  compa- 
rables les  resultats  de  mesure  [4,51.  Elle  a admis  1 ' ut i 1 isat ion  d'une  sonde-aiguille 
d'un  diamdtre  uniforme  de  5,5  mm  et  d'une  longueur  de  100  mm.  Ce  diamdtre  autorise  le 
montage  de  tous  les  capteurs  mentionnes,  mdme  du  capteur  pidzodlectr ique  KISTLER,  aprds 
modification.  Ce  compromis  a ete  necessaire  du  fait  que  pas  tous  les  groupcs  de  mesure 
disposent  d'un  nombre  suffisant  de  capteurs  de  faible  diamdtre. 

Malheureusement,  1 ' ut i 1 i sat  ion  d'une  sonde-aiguille  de  diamdtre  5,S  mm  ne  permet 
plus  d'effectuer  des  mesures  quas i -ponctuel les , c'est-a-dire  inddpendantes  de  l'angle 
d'incidence  de  l'onde,  dans  tout  le  domaine  de  pression.  La  figure  4 prdsente  la  courbe 
de  directivity  d'une  telle  sonde  pour  une  surpression  de  0,1  bar.  L'erreur  d'amplitude 
maximale  est  obtenue  pour  une  incidence  frontale  de  l'onde,  c'est-3-dire  a - 0°.  L'er- 
reur d'amplitude  augmente  avec  la  pression,  comme  le  montre  la  courbe  de  directivity  en- 
reqistrde  pour  une  surpression  de  0,3  bar  (figure  5).  L'ycart  maximal  de  la  pression  no- 
minate est  encore  obtenu  pour  un  angle  d'incidence  de  0°  et  s'dldve  a * 251  ou  * 2 dB. 

Sur  la  figure  6 sont  prysentys  les  osc i 1 logrammes  enregistrds  d'une  part  a l'aide 
d'une  sonde  de  ryfyrence  (voie  du  haut)  et,  d'autre  part,  a l'aide  de  la  sonde-a igui 1 le 
d ytudier  (voie  du  bas) . Les  deux  sondes  ont  yty  soumises  d une  onde  de  pression  sphd- 
rique  issue  de  la  dytonation  d'une  charge  explosive  sphdrique  de  35  g,  d uno  distance  de 

I, 80  m,  la  pression  maximale  rysultante  ytant  de  0,3  bar.  La  commission  a approuvy 

1 ' ut i 1 i sat  ion  d'une  sonde-aiguille  de  diamdtre  5,5  mm  jusqu'd  des  surpressions  comprises 
entre  0,3  bar  et  0,4  bar. 

Pour  la  dyterminat ion  des  diagrammes  de  directivity,  nous  avons  utilisd  une  sonde 
effilde  prysentye  dans  la  figure  7.  11  s'agit  d'une  sonde  effiiye  circulaire,  de  diamd- 
tre  20  mm.  Le  capteur  pidzod lec t r ique  est  placd  en  arridre  de  la  pointe,  dans  la  partie 
cylindrique,  de  telle  sorte  nue  sa  membrane  affleure  la  pdriphdrie  de  la  sonde.  L’axe 
longitudinal  de  la  sonde  est  orientd  sur  le  centre  de  ddtonation  afin  que  l'onde  de  choc 
ddfile  sur  la  membrane  du  capteur  sans  y dtre  rdflechie. 

Mdme  pour  des  intensitds  de  pression  supdrieures  a 0,3  bar,  ce  type  de  sonde  a 
fourni  des  enregistrements  sat i sf a i sant s , tant  du  point  de  vue  qualitatif  que  quantita- 
tif.  Ndanmoins,  vu  leur  encombrement , il  s'avdre  difficile  de  disposer  s imul t andment 
plusieurs  sondes  effildes  dans  un  espace  rdduit,  d’autant  plus  que  si  l'on  ddsire  dviter 
toute  erreuT  due  a la  Tdflexion  de  l'onde  de  pression  sur  la  membrane,  il  est  indispen- 
sable d'orienter  leur  axe  longitudinal  sur  la  source  sonore. 

La  pression  limite  de  0,3  bar  a 0,*  bar  autorisde  pour  les  sondes- a igui 1 les  pry- 
sente  un  certain  intdrdt  si  l'on  se  rdfdre  aux  pressions  limites  admises  par  l’appareil 
auditif  humain  et  qui  seront  discutdes  aprds. 

Les  mdthodes  de  mesure  discutdes  jusqu'd  prdsent  se  rapportent  toutes  a l'enregis- 
trement,  en  champ  libre,  de  l'onde  de  pression  non  perturbde.  Par  contre,  lorsqu'on  dd- 
sire  enregistrer  les  profils  de  pression  agissant  sur  une  structure,  il  paraft  opportun 
de  fixer  la  sonde  de  pression  sur  la  structure  memc . A cet  effet,  nous  avons  dlabord  un 
rdcepteur  reprdsentd  sur  la  figure  8.  11  s'agit  d'un  rdcepteur  en  forme  de  disque  plan- 
convexe  renfermant  en  son  centre  le  transducteur  de  pression  a membrane  affleurante. 

II.  EFFETS  PHYSIOLOGIQUES  DES  BRUITS  1MPULSIFS 

Parmi  les  effets  phys iologiques  des  bruits  impulsifs,  nous  n'aborderons  que  ceux 
directement  lids  aux  modifications  de  la  sensibility  auditive. 

Les  bruits  impulsifs  provoquent  des  traumatismes  au  niveau  de  l'appareil  auditif 
des  sujets  exposds  : 

Le  traumatisme  sonore  aigu  s'observe  chez  les  sujets  exposds  a une  explosion  ou  a 
une  sdance  de  tir  trop  prolongde.  Les  signes  fonctionnels  sont  trds  marquds  : cdphalal- 
gie,  acouphdnes  aigus  de  grande  intensity,  sensation  d ' assourd i ssement . Les  signes  cli- 
niques  sont  plus  discrets  : tympan  normal,  peu  de  modifications  a l'examen  acoumdt rique . 
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Par  contre,  l’examen  aud iomdt ri que  montre  ]e  plus  souvent  un  scotome  auditif  au  voisi- 
nage  de  la  frequence  4 kHz.  Ces  perturbations  peuvent,  en  1 'absence  de  nouvelles  expo- 
sitions au  bruit,  rfgresser  spontanfment . 

Le  traumatisme  sonore  chronique  est  d ' ins t a 1 1 at  ion  plus  insidieuse.  On  observe 
tout  d'abord  (figure  9)  une  perte  de  sensibility  de  l'ordre  de  25  3 JO  dB  3 la  frequence 
4 kHz  (ler  stade),  puis  un  accroissement  de  ce  deficit  vers  les  frequences  elevdes 
(2dme  stade),  puis  un  accroissement  vers  les  basses  frequences  (3dme  stade)  et  enfin  on 
n'observe  plus  que  des  reliquats  auditifs  aux  frequences  eievees  alors  que  les  pertes 
audit ives  aux  basses  frequences  augmentent  (4dme  stade).  Le  scotome  observe  au  stade  1 
n'entraine  pas  de  gene  sociale  du  fait  qu'il  se  situe  en  dehors  de  la  gamme  des  fre- 
quences conversat ionnel les  ; par  contre,  une  aggravation  se  developpera  si  le  trauma- 
tisme sonore  est  repete. 

Voyons  maintenant  de  quelle  faqon  les  paramAtres  physiques  des  bruits  impulsifs 
(surpression  de  Crete,  duree , nombre,  interval  le .. ) influent  sur  l'importance  de  la  fa- 
tigue ou  des  pertes  auditives. 

Selon  Murray  et  Reid  [6),  Ward  (7),  Kryter  [8],  la  fatigue  auditive  ou  TTS 
(Temporary  Threshold  Shift)  exprimee  en  dB  croitrait  comme  20  log  N (N  etant  le  nombre 
de  bruits  impulsifs)  ou  comme  20  log  t (t  etant  la  duree  d'exposition  3 des  bruits  im- 
pulsifs presentes  3 intervalle  constant). 

Selon  Coles  (91  et  Ward  [7],  un  doublement  de  La  surpression  de  crete  cntralnerait 
une  augmentation  de  6 dB  du  TTS.  L'amplitude  de  la  fatigue  auditive,  exprimee  en  dB, 
evoluerait  done  comme  20  log  Ap.  Cependant  une  etude  plus  approfondie  de  1' influence  de 
ce  paramdtre  semble  indiquer  que  la  croissance  du  TTS  se  ferait  selon  40  log  Ap. 

L'influence  de  l'intervalle  entre  l’exposition  3 deux  bruits  impulsifs  a ete  etu- 
diee  par  Ward  ( 7 ] , Smith  (10]  et  Kryter  (8).  Selon  ces  auteurs,  l’amplitude  du  TTS  est 
maximale  pour  un  intervalle  de  1 seconde  alors  que  pour  des  intervalles  de  duree  diffe- 
rente  l'amplitude  de  la  fatigue  auditive  est  plus  rdduite  du  fait  soit  du  reflexe  de 
protection  acoustique  (pour  les  intervalles  inf6rieurs  3 1 seconde),  soit  de  l'existence 
d'une  periode  compensatoire  (pour  les  intervalles  superieurs  3 1 seconde). 

La  recuperation  de  la  sensibility  auditive  (exprimee  en  dB)  se  ferait  comme 
10  log  t (t  etant  le  temps  separant  le  test  audiomet r ique  de  la  dernidre  exposition  aux 
j bruits  impulsifs). 

A l'aide  de  ces  relations  et  3 la  suite  d ' observat ions  audiometriques  systdmati- 
ques,  de  nombreuses  normes  limites  d'exposition  aux  bruits  impulsifs  ont  ete  proposees. 
Parmi  celles-ci  deux  sont  couramment  utilisees  : 

a)  le  diagramme  des  niveaux  limites  (figure  10)  etabli  par  Pfander  3 la  suite  de 
nombreux  tests  audiometriques  realises  chez  des  soldats  aprds  participation  3 des  tirs 
d ' ent ratnement . Ce  diagramme  a ete  adopte  par  le  Ministdre  de  la  Defense  de  la  Rdpubli- 
que  Federale  d'Allemagne.  II  prend  en  compte  la  surpression  de  crete  du  bruit,  sa  duree 
d'action  3 -10  dB  et  le  nombre  d ' expos i t ions  au  bruit  par  periodes  de  8 heures  (voir  fi- 
gure J).  Selon  Pfander,  le  respect  de  ce  diagramme  permet  d'eviter  1 'apparition  de  TTS 
superieurs  3 10  dB  3 1000  Hz  ou  au-dessous,  IS  dB  3 2000  Hz  et  20  dB  3 5000  Hz  ou  au- 
dessus,  24  heures  aprds  1 ' expos i t ion , chez  951  des  sujets  ; 

b)  le  diagramme  de  Coles  (figure  11)  qui  fut  adopte  en  1968  par  le  CHABA 
(Committee  on  Hearing,  Bioacoustics  and  Biomechanics  of  the  National  Academy  of  Science 
and  National  Research  Council  (USA) ) est  applique  dans  divers  pays  anglo-saxons . Coles 
divise  les  bruits  d'arme  or  deux  types  qui  correspondent  l'un  3 un  bruit  d'arme  en  champ 
libre  (type  A),  1 'autre  3 un  bruit  d'arme  en  ambiance  r6verb6rante  (type  B) . II  appelle 
dur6e  A la  duree  de  la  premidre  impulsion  positive  dans  le  cas  du  bruit  produit  en  champ 
libre,  et  durde  B la  durde  3 -20  dB  du  bruit  produit  en  ambiance  rd verbd rante . En  fonc- 
tion  de  ces  durdes  et  de  la  surpression  de  Crete  des  bruits,  dans  le  cas  d'une  exposi- 
tion quotidienne  3 100  bruits  d'armes,  le  respect  de  ce  diagramme  permettrait  de  n’ob- 
server,  chez  751  des  sujets,  que  des  TTS  ou  des  PTS  (Permanent  Threshold  Shift  : perte 
auditive)  infdrieurs  3 10  dB  3 1000  Hz  ou  au-dessous,  15  dB  3 2000  Hz  et  20  dB  3 J000  Hz 
ou  au-dessus.  Si  l'on  ddsire  appliquer  ce  critdre,  chez  901  des  sujets  les  surpressions 
de  erdte  doivent  dtre  diminudes  de  5 dB  et  chez  951  des  sujets  de  10  dB.  Lorsque  l'inci- 
dence  des  bruits  impulsifs  est  normale  3 1'oreille  exposde,  les  surpressions  de  erdte 
doivent,  dans  le  cas  d'exposit ions  en  ambiance  non  rdverbdrante , dtre  diminudes  de  5 dB. 
Des  corrections  peuvent  dgalement  dtre  effectudes  lorsque  le  nombre  d ' expos i t ions  quoti- 
diennes  est  diffdrent  de  100.  Enfin,  le  rythme  des  expositions  est  supposd  compris  entre 
6 et  30  par  minute. 

Si  l'on  compare  les  diagrammes  de  Pfander  et  de  Coles  (figure  12)>dans  le  cas  oD 
1 'on  n'accepte  que  des  TTS  infdrieurs  3 10  dB  3 1000  Hz  ou  au-dessous,  15  dB  3 2000  Hz  et 
20  dB  3 3000  Hz  ou  au-dessus,  chez  951  des  sujets  on  note  que  1 'adoption  du  diagramme  de 
Coles  autoriserait  1 'exposition  3 des  niveaux  de  surpression  plus  dlevds  et  ce  d'autant 
plus  que  la  durde  des  bruits  est  plus  importante.  En  effet,  si  le  diagramme  de  Pfander 
suit  le  principe  d ' isodnergie , (diminution  du  niveau  de  surpression  de  3 dB  pour  chaque 
doublement  de  la  durde),  celui  de  Coles  ne  diminue  que  de  2 dB  pour  chaque  multiplica- 
tion par  2 de  cette  durde. 

On  peut  dgalement  noter  que  si  l'amplitude  maximale  des  TTS  toldrds  est  la  mdme 
pour  chacun  de  ces  auteurs.  Coles  mesure  les  TTS  juste  aprds  la  fin  de  la  journde  d'ex- 
position aux  bruits  alors  que  Pfander  les  mesure  24  heures  aprds  1 'exposit ion . Etant 
donnd  ce  que  l'on  sait  de  la  rdcupdration  de  la  fatigue  auditive  en  fonction  du  temps, 
la  mdthode  de  mesure  des  TTS  selon  Coles  semble  offrir  plus  de  garanties  aux  sujets 
puisque  les  TTS  mesurds  juste  aprds  la  fin  de  la  journde  d'exposition  doivent  dtre  de 
plus  forte  amplitude  que  ceux  mesurds  24  heures  aprds  (toutes  choses  dtant  dgales  par 
ail leurs) . 


Bien  que  Coles  pense  que  son  diagramme  et  celui  de  Pfander  sont  assez  comparables, 
on  doit  cependant  noter  que  les  rfsultats  experiment aux  de  Coles  indiquent  une  plus  lar- 
ge tolerance  aux  bruits  impulsifs  alors  que  les  TTS  qu'il  mesure  juste  aprfis  la  fin  de 
la  journfie  d'exposition  devraient  8tre  supfrieurs  3 ceux  observes  24  heures  aprds. 

Une  norme  limite  d'exposition  aux  bruits  impulsifs  doit  offrir  les  meilleures  ga- 
ranties  de  s6curitf  aux  tireurs  en  assurant  1' integrity  de  leur  fonction  auditive.  Pout 
cette  raison,  il  semble  nfcessaire  que  l'amplitude  des  TTS  mesur6s  3 la  suite  d'une  ex- 
position aux  bruits  ne  dlpasse  pas  10  dB  3 1000  Hz  ou  au-dessous,  IS  dB  3 2000  Hz  et 
20  dB  3 5000  Hz  ou  au-dessus  chez  955  des  sujets.  Les  diagrammes  de  Pfander  et  de  Coles 
permettent,  3 notre  avis,  d'estimer  ces  risques  de  fa^on  raisonnable.  Le  respect  de  ces 
normes  peut  Stre  atteint  de  deux  fagons  : soit  en  limitant  la  surpression  de  crSte  et  le 
nombre  de  bruits  auxquels  les  tireurs  sont  exposes,  soit  en  imposant  le  port  de  disposi- 
tifs  de  protection  acoustique.  Cette  dernifcre  solution  nous  semble  la  meilleure,  car 
elle  permettrait  de  maintenir  la  puissance  des  armes  actuelles  ou  futures  3 un  niveau 
qui  n'alt6rerait  pas  leur  efficacit£. 
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SUMMARY 


High  blast  pressures  can  force  restrictions  on  the  flexibility  of  the  use  of  a recoil- 
less rifle/recoilless  launcher.  The  restrictions  may  be  introduced  for  tactical  reasons, 
or  they  may  be  introduced  to  ensure  the  user  safe  operation. 

In  order  to  get  a generalized  enlightening  of  the  pressure  milieu  surrounding  some  anti- 
tank hand  weapons,  a series  of  pressure  measurements  were  taken  in  various  environments. 
The  pressure  records  furnished  characteristics  such  as  pressure  level,  pulse  duration, 
and  spectral  content  for  each  Individual  weapon  at  specific  locations,  and  thus  per- 
mitted general  comparisons. 

The  pressure  measurements  were  compared  with  a set  of  medical  criteria  to  define  safe 
zones  and  safe  use  of  the  individual  weapon  in  various  environments. 

The  results  indicate  that  if  necessary  precautions  are  taken,  restrictions  which  would 
otherwise  reduce  a weapon's  potential  usefullness  by  considerable  amounts,  can  be 
liberated . 


1 . INTRODUCTION 

Several  controversial  factors  are  connected  with  recoilless  weapon  systems.  Good  pre- 
cision and  a short  flight  time  are  factors  which  require  high  muzzle  velocities.  High 
muzzle  velocities  are  equivalent  to  high  blast  pressures.  To  reduce  damage  hazards  from 
blast  pressures  on  the  user  and  nearby  personnel*  to  reduce  the  visible  contour  of  flame, 
smoke,  and  dust  and  thus  the  possibility  of  detection;  to  lessen  the  strain  on  the 
gunner  and  thus  the  number  of  shots  necessary  for  training  purpose,  and  to  increase 
overall  weapon  flexibility,  the  blast  pressure  should  be  endeavoured  kept  to  a minimum. 

A thorough  knowledge  of  the  importance  of  such  factors  should  be  available  when  deciding 
a weapon's  tactical  directions. 

General  considerations  and  some  crude  pressure  measurements  have  been  the  governing 
factors  in  working  out  the  directions  for  use  for  most  recoilless  weapons  in  the 
Norwegian  Army.  To  ensure  safe  use,  strict  limitations  have  been  enforced  for  each 
weapon  with  respect  to  individual  grouping  and  launch  environment.  Firing  a recoilless 
weapon  from  any  enclosure  was  prohibited  because  of  unknown  but  anticipated  high 
pressures . 

With  the  aim  of  lifting  some  of  the  restrictions,  the  Norwegian  Defence  Research 
Establishment  in  cooperation  with  the  Norwegian  School  of  Infantry,  initiated  work  to 
enlighten  the  pressure  milieu  environing  some  recoilless  rifles  (RCR) /recoilless 
launchers  (RCL)  in  various  weapon  sites.  Most  of  the  work  was  consentrated  on  develop- 
ing a bunker  from  which  the  84  mm  RCR  Carl  Gustaf  could  be  fired  and  on  mapping  the 
blast  pressure  level  behind  a number  of  recoilless  weapon  systems. 

Recent  lethality  studies  (1)  show  that  unprotected  anti-armour  squads  are  very  vulner- 
able to  indirect  fire.  The  survivability  increases  significantly  with  the  degree  of 
protection.  Since  the  prime  commission  of  the  Norwegian  Brigade  is  to  defend,  time  to 
prepare  protected  weapon  sites  will  often  be  at  hand. 

In  order  that  the  recoilless  weapon  squads  also  can  take  advantage  of  such  protection, 
it  was  decided  to  try  design  an  adequate  bunker  from  which  a recoilless  weapon  could  be 
safely  fired.  Since  the  84  mm  RCR  Carl  Gustaf  (CG)  still  is  the  back-bone  of  our  anti- 
tank force  this  weapon  was  the  one  the  bunker  use  was  specified  for. 

The  organization,  balance,  and  relative  positioning  of  the  RCR-  and  RCL-squads  in  the 
combat  zone  has  great  influence  on  the  effectiveness  of  an  antitank  force.  To  improve 
the  flexibility  with  regards  to  positioning  the  weapons,  the  safety  zone  because  of 
pressure  damage  risks  behind  the  weapons  should  be  kept  a minimum.  To  update  the  data 
for  existing  safety  zones  the  actual  blast  pressures  behind  the  following  weapons  were 
measured : 

57  mm  RCR 
66  mm  RCL  (LAW) 

75  mm  RCR 

•4  nss  RCR  (CARL  GUSTAF) 

88  mm  RCL 
106  mm  RCR 
127  mm  RCL  (TOW 

General  comparisons  of  the  blast  pictures  and  the  spectral  content  in  the  pressure 
signals  were  made  at  selected  points  for  the  various  weapons. 


2.  TEST  OBJECTIVES 


The  general  objective  of  the  work  was  to  identify  the  pressure  picture  surrounding 
various  recoilless  weapons  with  the  aim  of  easing  the  restrictions  on  weapon  use  because 
of  pressure  hazards.  The  following  specific  test  program  evolved: 

1.  Design  and  build  a bunker  onto  the  base  of  the  existing  open  84  mm  RCR  Carl  Gustaf 

site,  from  which  the  weapon  can  be  fired  safely 

2.  Establish  the  pressure  load  on  the  84  mm  RCR  Carl  Gustaf  crew  when  firing  the  weapon 

from  the  open  position  and  from  the  bunker.  For  the  same  position  and  weapon, 

establish  how  changes  in  site  construction  will  Influence  the  pressure  load  on  the 
crew. 

3.  Identify  the  free  field  pressure  picture  behind  the  following  weapons  when  they  are 
fired  from  an  open  position: 

57  mm  RCR 
66  mm  RCL  (LAW) 

75  mm  RCR 

84  mm  RCR  (CARL  GUSTAF) 

88  mm  RCL 
106  mm  RCR 
127  mm  RCL  (TOW) 

From  the  numerous  pressure  measurements  available  the  spectral  content  in  some  selected 
signals  were  calculated  to  identify  differences  between  the  various  weapons  at  specific 
measuring  points. 

3.  INSTRUMENTATION 

The  pressure  sensors  used  to  monitor  the  pressure  loads  on  personnel  in  the  open  site 
and  in  the  bunker  were  piezo-electric  transducers  (Atlantic  Research  Corp  , Type  LC-65) 
with  a rise  time  of  about  7 us. 

The  sensors  used  to  map  the  free  field  pressure  picture  behind  the  different  weapons 
were  pencil  type  piezo-electric  transducers  (Atlantic  Research  Corp,  Type  LC  33)  with 
a rise  time  of  about  10  us. 

The  pressure  signals  were  recorded  on  a 14  x Sangamo  recorder,  with  a cut-off  frequency 
of  10  kHz. 

The  spectra  were  calculated  using  digital  procedures. 

4.  BLAST  PRESSURE  MEASUREMENTS 

Blast  pressures  were  measured  in  an  open  84  mm  RCR  CG  weapon  site,  in  a CG  bunker,  and 
in  the  free. field  gas  stream  behind  the  CG  and  other  recoilless  weapons.  In  tests  where 
one  wanted  to  measure  the  pressure  load  on  the  users,  the  pressure  sensors  were  mounted 
on  life-sized  dummies.  In  the  free  field  blast  measurements  the  side  on  pressure  was 
measured  by  pencil-type  pressure  cells. 

4.1  Measurements  of  the  blast  pressure  on  the  84  mm  RCR  Carl  Gustaf 
Crew  in  the  open  weapon  site 

The  open  CG  weapon  site  can  roughly  be  described  as  an  open  trench  with  an  underground 
shelter.  Figure  4.1  shows  a horizontal  view  and  a side  view  of  the  site.  The  70  x 
70  cm-  square  to  the  right  is  the  loader's  position.  The  weapon  is  placed  on  top  of 
the  platform.  The  gunner's  position  is  to  the  left  of  the  platform.  During  preparatory 
artillery  fires  the  personnel  can  bring  the  weapon  into  the  fragment-proof  cover  room. 
Dummies  were  placed  at  the  positions  of  the  crew  in  the  measurements.  The  pressure 
signals  were  monitored  at  the  positions  of  the  right  and  the  left  ear  and  at  the  back 
head  on  both  gunner  and  loader  by  inserting  pressure  cells  into  the  doll's  heads  which 
were  made  of  metal. 

The  pressure  was  measured  for  a total  of  16  rounds  fired  from  the  open  site.  The  first 
6 rounds  were  fired  to  get  a general  picture  of  the  pressure  on  the  personnel.  The 
target  was  placed  at  a distance  of  500  m which  corresponds  to  a weapon  elevation  of 
about  5°.  The  last  10  rounds  were  fired  to  investigate  the  effect  of  obstructions  in 
the  path  of  the  rear  exit  flow  of  the  CG  on  the  pressure  signal.  A 4x4  nv  plank  was 
placed  at  distances  from  2 m to  5 m behind  the  weapon  and  at  varying  inclinations. 

4.2  Measurement  of  the  blast  pressure  on  the  84  mm  RCR  Carl  Gustaf 
crew  in  the  Carl  Gustaf  bunker 

The  open  84  mm  RCR  Carl  Gustaf  site  was  used  as  the  base  for  the  Carl  Gustaf  bunker. 

Onto  the  base,  it  was  built  a f ragmentproof  enclosure  with  an  embrasure  and  a rear 
opening  for  exit  gases  and  an  entrance  was  added.  Figure  4.2  shows  the  horizontal  view 
of  the  bunker  and  figure  4.3  the  side  view.  The  idea  behind  the  bunker  was  to  permit 
the  CG  crew  to  shoot  or  observe  while  the  attacking  tanks  are  supported  by  artillery. 

A total  of  23  shots  were  fired  from  the  bunker.  The  first  14  shots  were  fired  to 
determine  the  general  pressure  load  on  the  crew  when  weapon  elevation  was  changed  from 
♦5°  to  -14°  and  azimuth  from  >31.5°  to  -30°.  The  next  9 shots  were  fired  to  study  the 
effect  of  bunker-alternations  on  the  pressure.  As  in  the  case  of  the  open  site, 
dummies  replaced  the  crew  and  the  measuring  points  were  at  the  ears  and  the  backheads. 
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Figure  4.2  Plan  view  of  the  84  mm  RCR  Carl  Gustaf  bunker 


Figure  4.3  Side  view  of  the  84mm  RCR  Carl  Gustaf  bunker 

4.3  Blast  pressure  measurements  in  the  free  field  behind  some 
recoilless  weapons 

The  free  field  pressure  picture  behind  the  following  weapons  was  measured: 

57  mm  RCR 
66  mm  RCL  (LAW) 

75  mm  RCR 

84  mm  RCR  (CARL  GUSTAF) 

88  mm  RCL 
106  mm  RCR 
127  mm  RCL  (TOW) 

The  ground  on  which  the  measurements  were  taken  was  hard  and  covered  by  a thin  layer  of 
fine-grained  sand.  The  target  for  each  weapon  was  placed  at  a distance  equal  to  the 
weapon's  normal  engagement  distance.  Tne  rear  muzzle  of  each  weapon  was  placed  at  the 
origin  of  a Cartesian  coordinate  system.  The  pressure  cells  were  placed  radially  back- 
wards from  origo  at  angles  varying  from  0°  to  90°.  All  pressure  cells  (pencil  type 
which  measure  the  side  on  pressure)  were  pointed  toward  the  blast  source.  The  cells 
were  mounted  on  sticks,  25  cm  above  ground  lev  1. 

Four  rounds  were  fired  from  each  weapon  except  for  the  TOW.  Only  two  rockets  were 
available  for  this  weapon  at  the  time  of  the  test.  With  14  measuring  stations  a total 
of  56  pressure  records  were  obtained  to  identify  the  pressure  picture  in  half  of  the 
area  (symmetry  was  assumed)  behind  each  weapon  (28  for  the  TOW) . 

5.  EAR  DAMAGE  RISK  CRITERIA  FOR  PRESSURE  IMPULSE  NOISE 

The  effect  of  lethal  mechanisms  connected  with  the  use  of  recoilless  launchers/recoil- 
less rifles  on  the  user  and  nearby  personnel  depends  on  several  factors.  One  major 
factor  is  the  sheer  over  pressure  or  blast  pressure  people  in  the  weapon's  close  vicinity 
inevitably  are  exposed  to  when  the  weapon  is  fired.  Other  incapasitating  factors  are 
such  as  the  heat  in  residual  gas  explosions,  flying  debris  etc.  In  this  text  only  the 
hazards  due  to  over  pressure  will  be  considered. 

Second  to  the  ears,  the  lungs  are  the  organ  most  sensitive  to  over  pressure.  Data  from 
earlier  tests  and  information  supplied  by  weapon  producers  (2)  indicate  that  the 
pressure  level  and  pulse  duration  at  the  locations  of  the  crew  in  the  various  sites 
where  measurements  were  taken  is  too  low  and  short  respectively  to  cause  damage  to  the 
lungs.  The  ears,  however,  could  run  a serious  risk  of  damage  at  the  same  location  if 
proper  precautions  were  not  taken. 

’’’he  following  two  typeB  of  ear  damage  may  occur  as  the  result  of  Impulse  noise: 

. Leakage  on  the  organ  of  Cortis'.  The  damage  may  be  a permanent  hearing  loss. 

The  damage  can  take  place  without  any  feeling  of  pain. 

. Damage  to  or  rupture  of  the  eardrum.  This  damage  may  cause  severe  pain  and  can 
thus  possibly  prevent  a soldier  from  expediting  prescribed  tasks  during  and 
some  time  after  the  firing. 

As  a general  rule,  no  ear  damage  should  due  to  weapon  Impulse  noise  be  tolerated  in 
peace  time.  In  war  time  one  has  to  make  sure  the  pressure  on  the  ear  is  kept  below  the 
threshold  of  pain  (often  when  ear  drum  rupture  occurs) . 

To  control  hearing  loss  hazards,  several  factors  have  to  be  considered.  The  most 
Important  ones  are: 

. Peak  pressure  level 
. Duration  of  over  pressure 
. Number  of  rounds  fired  per  unit  of  time 
. Timelag  between  each  round  fired 
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. The  spectral  content  in  the  pressure  signal 

The  pressure  on  the  ear  is  determined  by  the  weapon  system,  the  environment,  and  the 
type  of  earprotection  used.  Depending  on  type  and  construction,  earprotection  can  re- 
duce the  pressure  level  by  appreciable  amounts.  A typical  ear  clock  will  reduce  the 
pressure  level  about  25  dB,  earplugs  from  5 dB  up  to  25  dB  depending  on  how  they  are 
inserted,  and  glass  quilt  about  25  dB. 

A number  of  different  agencies  have,  based  on  various  working  schemes  and  requirements, 
formulated  general  criteria  for  ear  damage  risk  due  to  Impulse  noise  (3,4).  Examples 
are  shown  in  figure  5.1  Pressure  in  dB  is  the  dependent  variable  while  the  duration  of 
the  pressure  signal  in  seconds  is  plotted  along  the  abscissa.  The  dotted  line  which  is 
taken  from  US  Military  Standard  1474  /is  the  criterion  for  the  95th  percentile  protection 
when  muffs  or  plugs  are  used.  The  number  of  exposures  permitted  per  24  hours  are  5 or 
less.  The  duration  is  defined  as  the  sura  of  the  time  intervals  when  the  pressure  ex- 
ceeds 10»  of  the  peak  pressure.  The  solid  lines  which  stem  from  a criterion  defined  by 
Pfander  (4)  are  based  on  slightly  different  definitions.  The  upper  curve  presupposes 
an  ear  protection  reducing  the  noise  level  25  dB  at  1000  Hz.  The  lower  solid  curve  is 
specified  for  an  unprotected  ear.  For  durations  of  less  than  0.3  seconds,  Pfander 's 
criterion  is  based  on  a single  exposure.  For  durations  larger  than  0.3  seconds  the 
total  time  is  obtained  by  multiplying  the  single-shot  duration  by  the  number  of  ex- 
posures in  an  8 hour  period.  The  single-shot  duration  is  defined  as  the  sum  of  the 
time  intervals  where  the  absolute  pressure  value  is  higher  than  10  dB  below  maximum 
pressure . 


| 


6.  RESULTS 
6.1  General 


Two  typical  pressure-time  samples  are  shown  in  figure  6.1  and  6.2.  The  pressure  signal 
shown  in  figure  6.1  was  measured  inside  the  bunker  at  the  gunner’s  right  ear.  The  short 
duration  pressure  spikes  are  the  results  of  reflected  pressurewaves  from  the  ground  and 
the  walls.  The  duration  defined  by  Pfander,  is  the  sum  of  the  intervals  where  the 
pressure  is  higher  than  the  levels  indicated  by  the  broken  lines,  parallel  to  the  time 
axis.  The  total  duration  is  less  than  a millisecond.  Figure  6.2  shows  the  free  field 
pressure-time  signal  6 metres  behind  the  rear  nozzle  of  the  84  mm  RCR  Carl  Gustaf.  The 
duration,  again  as  defined  by  Pfander,  is  approx.  2.5  milliseconds. 

6.2  Blast  pressures  on  the  Carl  Gustaf  crew  in  the  open  site  and 
in  the  bunker 


The  average  blast  pressures  on  the  gunner  and  the  loader  in  the  open  Carl  Gustaf  sl£e 
and  in  the  bunker  are  shown  in  table  6.1,  In  both  sites  the  weapon  elevation  was  5 
and  the  azimuth  0°.  In  the  open  site  the  average  pressure  is  higher  on  the  loader  than 
on  the  gunner  (the  gunner  and  the  loader  are  both  facing  the  target,  the  gunner’s  head 
is  closer  to  the  weapon  than  the  loader's) . In  the  bunker  the  average  pressure  load  on 
the  gunner  is  higher  than  on  any  of  the  crew  members  in  the  open  site. 


DURATION  ~ I msec 
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Figure  6.1  Typical  blast  pressure-time  record  measured  at  the 

gunner's  right  ear  In  the  84mm  RCR  Carl  Gustaf  bunker 

The  total  duration  is  the  sum  of  the  durations  where 
the  pressure  is  higher  than  the  pressure  level  10  dB 
below  maximum. 


Figure  6.1  Typical  side  on  free  field  blast  pressure  record 
measured  behind  a recoil less  weapon 

The  total  duration  is  the  sum  of  the  durations  where 
the  pressure  is  higher  than  the  pressure  level  10  dB 
below  maximum.  The  pressure  is  measured  6 m straight 
behind  the  84  ram  RCR  Carl  Gustaf  and  25  cm  above  ground 


The  loader,  however,  experiences  a lower  pressure  in  the  bunker  than  in  the  open  site. 
This  is  due  to  the  shielding  offered  by  the  rear  bunker  wall. 

Table  6.2  gives  the  maximum  pressures  measured  on  the  crews  in  the  two  sites.  Again 
it  is  noticed  that  the  pressure  is  highest  on  the  gunner  in  the  Carl  Gustaf  bunker  and 
on  the  loader  in  the  open  site.  The  durations  of  the  overpressures  (Pfander) , range 
from  about  0.2  milliseconds  to  about  10  milliseconds.  The  durations  are  longer  in 
the  bunker  than  in  the  open  site.  In  figure  6.3  the  pressure  results  from  table  6.1 
and  6.2  are  shown  in  relation  to  Pfander 's  damage  criterion. 

Standard  ear  clocks,  which  on  the  average  reduce  the  pressure  level  about  25  dB  are 
unable  to  meet  this  protection  criterion.  In  addition,  the  physical  form  of  these 
ear  clocks  make  them  unsuitable  for  use  in  conjunction  with  the  Carl  Gustaf  due  to 
the  narrow  space  between  the  barrel  and  the  sight.  Therefore,  better  ear  protection  is 
an  absolute  necessity,  even  in  the  open  site,  if  one  aims  to  protect  the  Carl  Gustaf 
operators  from  ear  damage. 


Gunner 


Left  ear  Right  ear  | Left  ear  | Right  ear 


360  mbar  210  mbar 
(185.1  dB)  (180.4  dB) 


Bunker 


Pressure  250  mbar  460  mbar  340  mbar  170  mbar 
(181.9  dB)  (187.2  dB)  (184.6  dB)  I (178.6  dB) 


Duration  2.2  msec  2.6  msec  3.9  msec 


Table  6.1  Average  blast  pressures  and  durations  (as  defined  b 


on  Car 


n the 


Gunner 


Loader 


Pressure 

190  mbar 
(179.6  dB) 

370  mbar 
(185.3  dB) 

460  mbar 
(187.2  dB) 

250  mbar 
(181.9  dB) 

Duration 

3.0  msec 

2 . 0 msec 

0.7  msec 

1.3  msec 

Bunker 


Pressure 


Duration 


440  mbar  230  mbar 
186.8  dB)  (181.2  dB) 


Table  6.2  Maximum  blast  pressures  and  durations  (as  defined  b 
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Pigure  6.3  Maximum  and  average  blast  pressures  measured  on  the 


er  in  the  open  84  ram  Carl  Gustaf 
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6.3  Effect  of  variations  in  bunker  dimensions  on  the  pressure 
load  on  the  crew 

The  general  conclusions  to  be  drawn  from  the  firings  to  Investigate  how  changes  in 
bunker  dimensions  will  affect  the  pressure  level  on  the  crew,  can  be  summarized  as 
follows : 

. Roof's  height  relative  to  ground  is  not  critical  as  long  as  the  roof  is  high  enough 
above  ground  to  permit  the  operators  standing  erect 

. Roof  size  is  not  critical  ( + 15  cm) 

. Depth  of  the  site  (in  firing  direction)  becomes  critical  when  the  depth  is  large 
enough  to  permit  the  rear  exit  muzzle  to  swing  inside  the  bunker 

. Clothing  the  inside  of  the  site  with  mineral  wool  may  decrease  the  average  pressure 
on  the  loader  with  about  60%  and  on  the  gunner  with  about  20%. 

6.4  Obstructions  in  the  path  of  the  rear  gas  flow  of  the  84  mm 
RCR  Carl  Gustaf 

The  firings  from  the  open  site  with  a 4m  x 4m  plank  behind  the  weapon  to  simulate 
situations  where  obstructions  come  in  the  flow  path  of  the  rear  exit  gases  of  the  Carl 
Gustaf,  gave  no  clear  results.  The  rigidity  of  the  plank  and  the  plank  support  did  in 
an  ambigious  way  affect  the  pressure  signals.  However,  using  Pfander's  risk  criterion 
and  assuming  an  earprotection  sufficient  to  ensure  safe  operation  in  the  bunker,  one 
could  from  the  test  conclude  that  firing  the  Carl  Gustaf  in  an  otherwise  open  terrain 
should  not  be  permitted  with  major  obstructions  closer  than  5 metres  behind  the  weapon. 

6.5  Results  of  free  field  blast  pressure  measurements  behind  some 
recoilless  weapons 

According  to  Pfander,  a pressure  signal  with  a duration  of  about  10  milliseconds  and  a 
peak  pressure  of  about  180  dB  (200  mbar) , is  the  limit  to  what  the  ear  protected  with 
clocks  should  be  exposed  to.  It  is  reasonable  to  assume  that  the  pressure  on  the  ear 

is  closer  to  the  face  on  (static)  type  than  to  the  side  on  (dynamic)  type.  The  relation 

between  the  two  pressure  forms  are  given  by 

p 2 ps  i02^9±l£S 

102 . 9+Ps 

where  Pj  is  the  face  on  pressure  in  psi  and  Ps  in  the  side  on  pressure  in  psi.  The 
side  on  pressure  of  value  100  mbar  corresponds  to  a 200  mbar  (180  dB)  face  on  pressure. 
The  measured  side  on  100  mbar  pressure  isobars  (behind  the  tested  weapons)  are  drawn  in 
figure  6.4.  The  isobars  give  a good  indication  on  where  the  safety  limits  due  to 

pressure  hazards  lie  for  the  various  weapons.  The  TOW  values  are  based  on  half  the 

number  of  measurements  (two  firings)  that  were  available  for  the  other  weapons  (four 
firings) . 


Figures  6.5  to  6.11  show  some  face  on  pressure  isobars  for  the  following  weapons: 
the  57  ran  RCR,  the  66  ran  RCL  (LAW) , the  75  mm  RCR,  the  84  ran  RCR  (CG) , the  88  mm  RCL 
the  106  ran  RCR,  and  the  127  mm  RCL  (TOW) . 


6.6  The  spectral  content  of  various  weapon  signals 


Examples  on  the  Fourier  transform  of  digitalized  pressure  signals  for  the  LAW,  the  CG, 
and  the  106  mm  RCR,  are  shown  in  figures  6.12  to  6.14. 

Pressure  level  in  dB  is  the  dependent  variable.  Frequence  is  the  independent  variable. 
The  unfortunate  high  base  frequency  of  about  75  Hz  is  due  to  there  being  only  a small 
computer  available  at  the  time  of  the  digitalization.  This,  however,  does  not  change 
the  fact  that  most  of  the  "energy"  for  each  weapon  is  in  the  frequency  bard  from  about 
75  Hz  to  1000  Hz.  A modified  Cooley-Tukey  algorithm  is  used  to  calculate  the  spectra 
(5).  The  pressure  signals  are  measured  from  4 to  6 metres  behind  each  weapon  and  25  cm 
above  ground  level. 


Figure  6.12  Amplitude  spectrum  in  a 66  mb  RCL  blast  pressure  signal 

The  pressure  was  measured  4 m behind  the  weapon,  15°  off 
to  the  side  of  the  weapon  axis,  and  25  cm  above  ground  level. 
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Figure  6.13  Amplitude  spectrum  In  an  84mm  RCR  blast  pressure  signal 

The  pressure  was  measured  6 m behind  the  weapon  and  25  cm 
above  ground  level 


FRfQUENCYlHil — 


Figure  6.14  Amplitude  spectrum  in  a 106mm  RCR  blast  pressure  signal 

The  pressure  was  measured  5 m behind  the  weapon,  22.5° 

off  to  the  side  of  the  weapon  axis,  and  25  cm  above  ground  level 
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through  the  Application  of  the  ARMBRUST  Principle. 
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Conventional  hand  weapons  involve  considerable  exposure  of  the  gunner  to  reports, 
toxic  smoke,  fire,  etc.  Enclosed  area  firing  is  practically  impossible.  Due  to  the 
signature,  the  gunner  can  easily  be  detected  and  thus  destroyed,  a second  shot  usually 
out  of  the  question.  The  ARMBRUST  principle 

- permits  firing  without  ear  protection 

- achieves  low  weapon  signature  (2nd  shot) 

- allows  of  enclosed  area  firing 

- permits  firing  with  a concrete  wall  up  to  0.80  m behind  the  gunner 

- entails  no  recoil 

- provides  high  system  precision  accuracy 


This  briefing  is  not  concerned  primarily  with  the  actual  MBB  development  of  the 
ARMBRUST  300  anti-tank  hand  weapon,  but  rather  intends  describing  general  aspects 
underlying  the  decision  for  such  a development. 

It  is  a known  fact  that  the  gunner  of  a conventional  anti-tank  hand  weapon  based  on  the 
rocket  motor,  on  guns  with  a rear  end  nozzle,  or  on  combinations  of  these,  is  subjected 
to  considerable  exposure.  In  the  case  of  open  area  firing  this  is  mainly  exposure  to 
reports.  With  enclosed  area  firing,  necessary  today  in  urban  combat  situations,  this 
exposure  is  increased  due  to  wall  reflexion,  as  well  as  toxic  gases,  smoke  and  heat, 
which  should  not  be  neglected. 

The  high  signature,  again  mainly  due  to  smoke,  flash  and  fire  of  a conventional  weapon, 
is  extremely  unfavourable  for  the  gunner.  Thereforethe  gunner  can  easily  be  detected, 
this  meaning  his  own  certain  destruction  in  view  of  the  enemy  of  today.  A second  shot 
would  have  allowed  him  to  detect  any  errors  such  as  range  or  speed  estimation  errors, 
which  considerably  affect  the  hit  probability. 

PROBABILITY  FOR  ONE  HIT  WITH  TWO  SHOTS  HAVING 
DIFFERENT  SINGLE  HIT  PROBABILITIES 


„ probability  for  one 

^ HIT  WITH  TWO  SHOTS 


p HIT  PROBABILITY  FOR 
' THE  FIRST  SHOT 


p HIT  PROBABILITY  FOR 
1 THE  SECOND  SHOT 


0 20  40  60  #0  BO 

P.  [*] 

Small  rooms  offer  the  gunner  the  best  hiding-place,  especially  in  urban  areas.  This 
camouflage  is  practically  impossible  to  utilise  with  conventional  weapons.  Should  the 
gunner  nevertheless  dare  to  fire,  a second  shot  would  be  out  of  the  question. 

The  recoil  represents  a further  exposure  for  the  gunner  which,  however,  can  also  largely 
be  avoided  using  conventional  firing  principles. 

The  above  main  disadvantages  of  conventional  anti-tank  hand  weapons  can  be  almost 
completely  eliminated  using  the  ARMBRUST  principle. 

We  have  seen  that  nearly  all  disadvantages  Inherent  In  conventional  anti-tank  hand  weapons 
are  due  to  the  fact  that  propellant  gas  Is  ejected  on  firing.  This  was  the  point  of 
departure  for  our  considerations. 
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The  ARMBRUST  principle  solves  this  assignment  in  the  following  manner. 

ARMBRUST  OPERATION 


The  projectile  (propelled  or  not  by  a sustainer  motor)  is  located  in  a tube  at  the  front, 
a countermass  for  recoilless  operation,  to  be  described  later,  at  the  rear. 

On  ignition  of  the  propellant  charge  in  the  middle  and  after  the  bolt  ruptures,  the 
projectile  as  well  as  the  countermass  are  shifted  by  one  piston  each  in  opposite  direc- 
tions. The  pressure-t lme  characteristic  in  the  tube  corresponds  to  that  of  a gun  and 
can  be  influenced  by  the  combustion  process  of  the  propellant. 

The  propellant  charge  may  consist  of  any  suitable  single-base  or  double-base  standard 
propel  1 ant . 

ARMBRUST  INTERNAL  PRESSURE 


pressure 


When  the  two  pistons  reach  the  end  of  the  tube  they  are  stopped  simultaneously  by  a 
suitable  brake  and  sealed  thereby.  The  generated  gas  remains  in  the  tube.  Naturally  the 
design  takes  into  consideration  the  fact  that  the  combustion  process  of  the  propellant 
powder  is  at  an  end,  otherwise  the  pressure  would  Increase  again. 

The  countermass  must  be  such  that  it  disintegrates  as  soon  as  possible  in  order  to  mini- 
mise the  rear  end  hazard  zone.  In  addition, the  countermass  may  not  rebound  on  striking 
a concrete  wall  even  before  complete  disintegration  ARMBRUST  provides  a solution  which 
has  proved  Itself  fully  in  hundreds  of  tests. 
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The  counter-mass  is  made  of  thousands  of  thin  punched  plastic  leaflets  which  are  then 
layered  in  several  piles.  When  the  piles  are  exposed  to  the  air  flow  they  are  slanted. 
The  air  flow  causes  the  light  leaflets,  due  to  their  large  surface  area,  to  fall  rapidly 
to  the  ground. 

COUNTERMASS  DISINTEGRATION 


On  striking  a wall  behind  the  gunner  the  leaflets  split  but  do  not  rebound.  They  flow 
like  a stream  of  water  down  the  wall  to  the  ground. 

A non-reflecting,  transparent  material  was  chosen  taking  or  the  colour  of  the  respective 
background  and  which  can  only  be  seen  briefly  against  the  h-rizon.  This  can  only  be 
observed  more  accurately  with  the  aid  of  high-speed  cameras. 

In  order  to  minimize  the  silhouette  of  the  gunner  with  the  weapon  itself  (and  so  reduce 
the  possibility  of  detection)  the  ARMBRUST  concept  was  expended  by  a laterally-mounted 
reflex  sight  (along  the  lines  of  a camera).  This  ensures  that  the  gunner  is  not  betrayed 
by  his  own  silhouette. 

SILHOUETTE  OF  AN  ARMBRUST  GUNNER 


It  could  be  demonstrated  that  the  principle  presented  here  achives  the  required  precision 
due  to  the  low  firing  deviations  and  high  muzzle  velocities.  In  this  context,  however,  it 
is  merely  intended  to  describe  the  special  advantages  provided  by  the  ARMBRUST  principle, 
and  only  to  a very  limited  extent  by  other  hand  weapons. 

Exposure  to  reports 

Since  the  ARMBRUST  is  such  that  no  gas  leaves  the  tube,  the  report  is  mainly  due  to  sound 
conducted  through  solids.  The  tube  is  made  to  vibrate  when  the  pressure  increases  and  the 
brake  is  stopped.  The  report  is  comparable  to  a hard  knock  on  a steel  tube  mixed  with 
other  noises. 


Investigations  are  currently  being  conducted  on  the  different  physiological  effects  of 
various  reports.  The  following  diagram  is  generally  taken  as  the  limiting  curve. 


AMENDED  PROVISIONAL  DIAGRAM  { 1972  ) 


The  diagram  is  based  on  the  considerations  that  not  only  the  initial  peak  values  but  the 
accumulated  peaks  over  a certain  time  are  decisive  (especial  1 y true  of  enclosed  areas).  No 
quantitative  evaluation  of  possible  psychical  impacts,  in  particular  the  gunner's  fear  of 
the  loud  report  whilst  aiming  and  of  resultant  aiming  errors  are  available.  However,  it 
can  be  assumed  that  a "quiet"  weapon  would  greatly  reduce  gunner  errors. 

Despite  the  doubts  arising  in  view  of  the  different  and  unknown  measuring  methods,  the 
fol lowing,  however,  can  be  stated: 

Firing  conventional  hand  weapons  without  ear  protection  is  a health  hazard,  and  in  the 
case  of  heavy  weapons  would  entail  permanent  damage  even  with  ear  protection. 

REPORT  OF  ANTI-TANK  HANO  WEAPONS 


The  following  must  always  be  borne  in  mind  for  values  given  in  decibels: 

l.e.  10  dB  more  means  a tripling  of  the  sound  pressure  and  ten  times  the  intensity. 

20  dB  more  means  ten  times  the  sound  pressure  and  a hundred  times  the  intensity. 


INCREASE  OF  SOUND  PRESSURE  AND  SOUND  INTENSITY 
BY  INCREASING  THE  DECIBEL  VALUE  I dB  ] 


Fire,  flash  and  smoke 

Mo  statement  can  be  made  as  to  exposure  of  the  gunner  or  of  the  environment  to  the  above, 
since  no  gas  is  released. 

Launch  tube  under  pressure 

The  tube  under  pressure  after  firing  represents  no  danger  to  the  gunner,  provided  that  the 
ductility  of  the  material  is  such  that  no  blow-up  occurs  even  when  the  tube  is  perforated. 
It  could  be  demonstrated,  using  a flow-turned  steel  tube,  that  a tube  perforated  directly 
after  firing  does  not  burst. 

Heating  up  of  the  tube 

Since  not  much  energy  (»  propellant)  is  required  for  firing,  the  tube  itself  does  not  heat 
up  to  a large  extent.  Fven  using  thin-walled  tubes  (1  mm)  150°C  were  never  exceeded. 

Since  the  actual  weapon  has  a plastic  stock  there  is  no  danger  for  the  gunner. 

The  above-described  ARMBRUST  principle  can  be  adapted  to  the  most  varied  weapon  sizes  and 
categories.  Theoretical  studies  have  demonstrated  that  not  only  ARMBRUST  300  (termination 
of  development  with  firing  from  shoulder  planned  for  this  year)  can  be  realised  on  this 
basis,  but  a whole  weapon  family,  too. 
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